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Abstract
This thesis is concerned w ith the  development of new and improved labeling pro­
cedures for introducing deuterium  and tritiu m  into organic com pounds w ith the 
intention th a t some of the  m ethods can be applied to m ore complex compounds 
such as biom aterials.
The thesis consists of 6 chapters. In the  first of these the  necessary background 
inform ation relating to  biom aterials and the currently used m ethods of preparing 
d eu te ria ted /tr itia ted  compounds is presented, whilst in the  second chapter various 
aspects of the use of our Tri- Sorber unit, unique to  universities, are presented. 
The instrum ent allows H2, D2 and T 2 to be stored on uranium  beds and does 
away w ith the  m any problem s associated w ith the use of a glass gas line; this is 
especially true  for T 2.
In C hapter 3 the advantages of using microwaves in the area of arom atic dehalo- 
genations are explored. The use of solid form ates (D COO - K+) in preference to 
D2 gas, combined w ith microwave irradiation, greatly increases the  rates of these 
reactions although there are still instances where reactions do not proceed satis­
factorily.
In C hapter 4 it is shown for the  first tim e how the p a tte rn  of microwave-enhanced 
Raney nickel isotope exchange reactions can be influenced, depending on the deu- 
te ria ted  solvent employed. General labeling through to specific labeling is re­
ported.
In C hapter 5 the  benefits of using microwave and solid donors in hydrogenation 
reactions are explored; some examples of microwave-enhanced hydrogenations in 
the  absence of solvent, as well as in the presence of solvent, are reported.
Finally, in the last, brief chapter some of the new developments reported  in the ear­
lier chapters are applied to the a ttem p ted  deuteriation of a biocom patible polym er 
and a model compound.
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1.1 S e t t i n g  t h e  S c e n e
As m an  strides purposefully  in to  th e  21st century th e world around changes rapidly. 
T h e role o f th e chem ist is m oving at a sim ilar rate, finding new  areas in which  
his skills can be applied. T he chem ical industry which accounts for about 4% 
of world sales is one of th e  U K ’s success stories, contributing about 11% of the  
m anufacturing in d u stry ’s incom e and som e + 4 .3  b illion  annually to  th e  balance  
of paym ents. It has a h istory o f above average grow th and export achievem ent 
(m anufacturing’s num ber one exporter) and th is can, in  th e  eyes o f m any be  
attribu ted  to  its h igh  exp en d iture on research and developm ent and strong links 
w ith  universities from  where m any of th e  discoveries em erge.
W ith in  th e chem ical industry th e pharm aceuticals section  is one o f th e m ost active. 
It is h igh ly  profitable w ith  an excellen t export record and good  grow th prospects. 
M uch o f its  work is concerned w ith  th e developm ent o f new  and m ore effective  
drugs to  com bat problem s o f ill-health . T he developm ent o f drugs is h igh ly  reg­
u la ted  and involves several stages. A key step  here is th e stu d y  o f th e m ode of 
action  o f th e drug for w hich  a labelled  form  is necessary. T h e choice o f radioiso­
to p e  u sually  rests betw een  3I i and 14C as th e  n itrogen and oxygen  radioisotopes 
are so short-lived  as to  m ake their use very lim ited . 14C has a very long half-life 
(5730 years) so that th e m axim u m  specific activ ity  o f 14C -labelled  com pounds is 
in th e m C i/m m o le  range. T heir synthesis can also be very tim e  consum ing, in­
volv ing  several stages. Furtherm ore th e  nuclear spin o f 14C is zero, m aking it nm r 
inactive.
For m any o f th e  investigations a tr itia ted  version o f th e com pound is preferred  
- advantages over other rad ioisotopes such as 14 C being re la tive ease o f syn th e­
sis, m uch higher specific activ ities  and the favorable sp in  w hich  allows 3Hnm r 
spectroscop y'to  g ive th e  pattern  of labeling and isotop ic incorporation.
In contrast to  14C, tr itiu m  com pounds can be prepared at high  specific activ ity  
(20 -100  C i/m m o le ) , u sually  as part o f a one-step  ca ta ly tic  reaction  such as hydro­
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genation . In addition  3H lias a nuclear spin o f |  and is th e  m ost sen sitive  o f all 
nm r active nuclei [1], som e 21% higher th an  for 1H. Furtherm ore its  natural abun­
dance is in  th e region of 10“ 16%, m uch less than  for iso top es such as 2H (0.015% ) 
or 13C (1.1% ). T he dynam ic range for 3H is m uch higher than  for any other nm r 
active nucleus. For th e above reasons th e relative attractions o f 3H over 14C have  
increased and consequently  m uch greater use is currently being  m ade o f tr itiu m  
in  th e  pharm aceutical industry.
For th e  chem ical industry to  continue to  succeed and prosper in  th e  21s1 century  
it w ill need  to  identify  new  grow th areas and one o f th ese  is likely  to  b e b iotech­
nology; another is m aterials chem istry. A num ber o f reports [2] have recently  
appeared all reinforcing th e above v iew point. B iom ateria ls, defined as a ‘m ate­
rial em ployed  in, or used as, a m edical device intended  to  in teract w ith  biological 
sy stem s’ were specifically  identified  as areas for investm ent. T h ey  currently find  
applications in areas such as cardiovascular, orthopedics, dental, ophthalm ologi- 
cal, wound care, urology and prosthetics, but m any problem s ex ist in  their use. 
For exam ple urological devices such as catheters frequently  suffer encrustation  
problem s caused by calcification  deposits, m icrobial in fection  and biofilm  growth  
lead ing to  longer hosp ita l stays and extra  costs. H ealth  care in th e  U nited  K ing­
dom  currently accounts for «  4% of gross dom estic  product and is destined  to  
increase still further as peop le live longer and dem and a h igh  quality  o f life. N ew  
and im proved technologies are needed  to  provide cost effective solutions.
C om paring th e  pharm aceutical (drug) and b iom aterial industries 4 key differences 
can be identified:
(a ) T here is a lack o f standardised  te st m eth ods to  fu lly  characterise th e perfor­
m an ce o f b iom aterials.
(b) T here is a lack o f m eth ods to  assess quan tita tively  th e  b iocom p atib ility  of 
biom aterials.
(c ) T here is a need to  introduce m eth ods th at w ill m easure wear perform ance of 
b iom aterials, and
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(d) there is a need  to  develop  m ethods for pred icting practical lifetim es o f b iom a­
terials.
O nly w hen th ese  are in p lace w ill it b e possib le to  b e able to  design  b iom aterials  
of higher perform ance, which degrade m ore slow ly and operate over longer periods 
o f tim e. It is here, once again, th a t rad ioactiv ity  can play a part - enabling sen­
sitiv e  and accurate m easurem ents o f sm all changes, on a w ide range o f system s, 
over a rela tively  long tim e  scale to  b e recorded. T he regulatory authorities, w hose  
responsib ility  it is to  validate th e use o f b iom aterials, are likely  to insist on th e de­
velopm ent o f approaches th a t have becom e w ell estab lished  in  th e  pharm aceutical 
industry. It is necessary therefore, to  consider th e chem ical structure o f various 
biom aterials, prior to  develop ing su itab le tr itia tion  strategies.
1.2 Biomaterials
B iom ateria ls have found uses in th e m edical, dental, veterinary and pharm aceu­
tica l fields. E xam ples o f som e com m on b iom aterials and their uses are given  in  
Table 1.1.
B iom aterial A pplication
M ercury A m algam D ental F illings
P o ly (m eth y l m eth acry la te) C ontact lenses
P o lyv in y l Chloride E xtra  corporeal tu b in g
Silicone, Latex  
P olyurethane and P V C
Urological C atheters
T able 1.1: E xa m p les  o f  b iom a ter ia ls  and th e ir  u ses
A lthough  th ey  have th e  correct m echanical and physical properties to  perform  
w hat th ey  were designed for, th ey  are not natural products and therefore not 
in trinsica lly  b iocom patib le . Over a period  of tim e their perform ance w ill deteri­
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orate and m ay have adverse effects on th e  tissu e w ith  w hich  th ey  interact. T his 
deterioration  m ay b e caused by protein  deposition  follow ed by p la te let adhesion, 
activation  and subsequently  form ation  o f a p oten tia lly  fata l throm bus. M icro­
organism s m ay adhere and be involved  in estab lish ing biofilm s [3], [4].
M aterials w hich are m ore inert, such as titan iu m , polytetrafluoroethylene (P T F E )  
and silicon  rubber can be em ployed , but som e of the desirable m echanical and  
p hysical properties m ay b e lost. A n a lternative w ay to  im prove th e  b iocom p ati­
b ility  o f a m ateria l is by pre-treating it , or coating its surface w ith  a polym er th at  
m im ics natural com pounds. T his m eans th at th e m aterials w ith  th e  b est physical 
properties for their job  can b e coated  and used w ith  m in im al adverse effects from  
their contact w ith  th e  body.
D uring m edical procedures such as cardiac by-pass heparin is adm inistered  to the  
patien t. H eparin prevents th e  b lood  from  clo ttin g , but th is  can lead to uncon­
trolled  b leeding. In th ese  instances coating o f th e  devices used  in th ese  procedures 
m ay m in im ise th e  need  for heparin.
Early a ttem p ts to  tackle th e problem  o f b iocom p atib ility  led  to  th e  direct treat­
m ent o f surfaces w ith  p lasm a proteins such as album in [5]. T his led  to  th e devel­
opm ent o f polym ers w hich incorporated  som e o f th e  fu n ction a lities th at give body  
fluids their b iocom patib ility .
(1) (2)
O ne way o f m aking b iocom p atib le  polym ers is to  m im ic th e  outer surface o f th e  
cell m em brane. B io logica l m em branes contain  large levels o f lip ids, especia lly
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phospholip ids [6]. T he use o f phosphorylcholine to  increase th e  b iocom p atib ility  
of th e  surface o f m aterials was first considered in th e la te  1970’s by C hapm an [7]. 
E arly form s of b iocom p atib le polym ers were co-polym ers o f m aterials contain ing  
phosphorylcholine headgroups (1 ) and lauryl m eth acry la te  (2 ) . T hese polym ers  
were in itia lly  stud ied  on polyvinylch loride (P V C ) as there were m any instances o f  
its  use in  m edical devices [8].
P h osph atid y l choline (th e  natural phospholip id  contain ing phosphorylcholine) is 
an am p iph ilic  m olecu le, it contains b oth  hydrophobic (ta il) and hydrophilic (head- 
group) fu n ction a lities. It is zw itterion ic (but has no overall charge) and has a high  
affinity for w ater. P hosphorylcholine is th e  m ajor phospholip id  headgroup found  
in th e surface o f cell m em branes. It is also responsible for th e  b iocom p atib ility  
of red b lood  cells and p la te lets  [9] and has becom e one o f th e  m ost im portant 
fu n ction a lities found in b iocom p atib le polym ers.
T h e m ain  problem  in  th e  early work was how  best to  create a polym er contain­
ing th e phosphorylcholine headgroup fu n ction ality  in a form  w hich  could be eas­
ily  a ttached  to  different surfaces. T here have been  different approaches to  this 
problem . Durrani et. al [10] looked at th e m odification  o f phosphorylcholine to  
com pounds such as phosphorylcholine ethy len e g lycol d im eth y lsily l chloride (3 )  
and phosphorylcholine d im eth ylsily l chloride (4 ) , w hich retained  th e  phosphoryl­
choline headgroup, but additionally  contained  other fu n ction a lities w hich  aided  
their surface adhesion. O thers took  th e approach of form ing co-polym ers w ith  
phosphorylcholine and a second m onom er unit [11],
Prior to  clin ical stud ies laboratory based degradation stu d ies have to  b e per­
form ed [12] to  show th at b iocom p atib le  polym ers are stab le, non-toxic, do not 
prom ote an inflam m atory response and have no pharm acological activ ity .
T his approach has already been  successfu lly  em ployed. S im ple, early b iocom p at­
ib le  polym ers were radiolabelled  using tr itiu m  gas [13]. T h e reaction  em ployed a 
glass gas line, am poules o f tr itiu m  gas and W ilk inson’s cata lyst.
6
(CH3)3N-
0  CH,
11 1 ™P—O—Si—Cl (4>
1 _ I
o  c h 3
M aterials contain ing phosphorylcholine have already found a w ide num ber of uses. 
T h ey  are used  in  contact lenses, urological devices and th e guidew ires and sten ts  
used in percutaneous translum inal coronary angioplasty (P T C A ). Table 1.2 shows 
th e reduction  in  bacterial (E . coli) adhesion to  th e various m ateria ls used to  con­
struct urological catheters after th ey  had been  coated w ith  a  phosphoryl choline  
contain ing bio com patib le polym er.
Substrate R eduction  (%)
Latex 89
Silicone 96
P olyurethane 85
P V C 93
T able 1.2: R ed u c tio n  in b acter ia l ad h esion  due to  b io  com p a tib le
p o ly m ers [3]
As Table 1.2 shows there is a drastic reduction  in th e levels o f bacterial adhesion  
w hen a b iocom p atib le polym er is em ployed. T his has m any ben efits-it m akes pro­
cedures m ore cost effective by exten d in g  th e life-span of surgical devices, w hich in  
turn reduces th e stress to  the p atien t and also greatly  reduces th e  risk o f infection .
T here are m any m ore exam ples th a t show th e benefits o f th e  u se o f b iocom p atib le  
p olym ers, thus F igure 1.1 shows th e difference in p la telet adhesion  to  a stain less  
steel sten t after l |  hours in vivo use.
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F igure 1.1: C om parin g  p la te le t  ad h esion  b etw een  P C  coa ted  and  
u n coated  sta in less  s tee l s ten ts
1.3 Methods of Preparing Deuteriated/Tritiated 
Compounds
O ne of th e  advantages o f preparing deuteriated  com pounds is th a t th e  m eth od  
can, w ith  but lit t le  m odification , be used  for th e  preparation o f th e  correspond­
ing tr itia ted  com pounds. T he m ain  differences lie  in  th e  sca le o f th e  reactions - 
rabiolabeling tends to  b e done on th e  /ig -m g scale w hilst deuteriations tend  to  be  
at th e  gram -m ultigram  level. In th e la tter case purification is usually  effected by 
recrysta llisation  or d istilla tion  w hilst tr itia ted  com pounds are usually  purified by 
chrom atographic m eth od s, usually  radio-high perform ance liqu id  chrom atography  
(r -h p lc).
T h e m ost w idely  used  m eth ods for incorporating d eu ter iu m /tr itiu m  into  organic 
com pounds are sum m arised  in Table 1.3, w ith  specific exam ples follow ing in F ig­
ure 1.2 .
D esp ite  th e  fact th a t th e m eth ods used for preparing d eu ter iu m /tr itiu m  labelled  
com pounds have all been  in  ex isten ce for m any years th ey  all have certain  dis­
advantages which, because o f its rad ioactiv ity , are particu larly acu te for tritium . 
T his is som ew hat surprising as over th e  last 20 years there have b een  som e very  
im portant developm ents in cata lysis, th e  m ost notab le o f w hich  are given  in Ta­
b le 1.4.
O nly very recently  have som e of th ese  developm ents been  applied  to  th e  deuteri- 
a tio n /tr itia tio n  o f organic com pounds. T he one w ith  th e  longest h istory  relates to  
(f) , energy-enhanced procedures. O f th ese  m icrowave d ielectric h eatin g  offers th e  
greatest p oten tia l. So far th e num ber of research papers in  th is area is at a low  
level, b ut increasing rapidly. Background inform ation  on th e  use o f m icrow aves, 
as w ell as their use in  th e  labeling o f com pounds is given  in C hapter 3.
T h e other areas also offer m any new  opportunities, m ade p ossib le in  part by th e  
developm ent o f 2H and 3H nm r spectroscopy. U n til recen tly  sod iu m  borohydride
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(N a B T 4) was th e  only reducing agent th at was available at very high specific  
activ ity . H owever th e  observation  th at extrem ely  reactive hydrides, m uch m ore  
so th an  th e  com m ercially  available form s prepared from  th e e lem en ts at h igh  
tem peratures, can be prepared from  th e  n -b uty l com pounds and T 2 under very  
m ild  cond itions and near am bient tem peratures has transform ed th e  situ ation  and  
th is can b e seen  in F igure 1.3. T he crucial reaction  is th e  form ation  of lith iu m  
tr itid e  from  w hich  a w hole range o f se lec tive  reducing agents can b e synthesised . 
T his cap italises on th e fact th a t their reactiv ity  can b e fine tu n ed  through the  
elem en t (e.g. B , A l, Si, Sn and Zn) to w hich  th e tr itiu m  is attach ed  and by the  
electron ic and steric nature o f th e  su b stitu en ts at th e  central atom .
Solid  s ta te  reactions can also b e o f benefit in  th e labeling  area [27], [28]. O nly  
recently  it has been  show n th at th e  rapid reduction  o f a ldehydes and ketones 
can be perform ed in th e  solid  sta te  by using alum ina supported  N aB H 4 in th e  
presence o f m icrowaves. S im ple m ix in g  o f th e  carbonyl com pound w ith  N aB H 4 - 
alum ina (10%) and irradiation o f th e  m ixtu re in a m icrow ave oven  for 0 .5 -2  m in­
utes produced th e reduced product in high  purity and high  yield . C orresponding  
deuteriations have also been perform ed at th e U niversity  o f Surrey. O ne can also  
ex p ect to  see th e  other d evelopm ents m entioned  in Table 1.4 being used in th e  
labeling area in due course.
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M ethod C om m ents
H ydrogen iso top e exchange reactions - 
cata lysed  by acids, bases or m eta ls  
[14], [15], [16]
In the case o f 3H , th e  specific activ ity  
is som ew hat lim ited  by the fact 
th at T 20  can not be readily used.
H ydrogenation  o f an unsaturated  
precursor using either a hom ogeneous or 
heterogeneous cata lyst and D 2/ T 2 gas 
[17], [18], [19], [20], [21], [22]
D 2/ T 2 are sparingly solub le in m any  
com m on solvents so th a t th e reactions  
tend  to  b e slow. Separation  difficulties 
som etim es ex ists . T here are also problem s 
in  storing excess T 2 gas.
C ata ly tic  dehalogenation  o f arom atic  
halides using D 2/ T 2 gas
Frequently on ly  one D /T  atom  is 
incorporated. S im ilar problem s to  
hydrogenations en cou n tered .
R edu ction  o f su itab le precursors 
w ith  labelled  borohydrides
N ot all th e  d eu ter iu m /tr itiu m  is 
incorporated. T ritiated  borohydrides 
at very high  specific a c tiv ity  need  to  be  
prepared im m ed ia te ly  prior to  use.
M ethylations using e.g. C D 3I /C T 3I T he range o f com pounds that can be  
labelled  is som ew hat restricted .
C T 3I is not very stab le  or easy  
to  use.
T able 1.3: W id e ly  used  m eth o d s  for in corp ora tin g  d e u te r iu m /tr it iu m
in to  organ ic com p ou n d s
1 1
Acid-catalysed hydrogen isotope exchange
Base-catalysed hydrogen isotope exchange
R.CO.CH3  R.eO.CH,T
•* HTO z
R = c 6h 5
Metal-catalysed hydrogen isotope exchange
T
Hydrogenation of an Unsaturated Precursor
Catalytic dehalogenation of an aromatic halide
F igu re 1.2: W id e ly  used  m e th o d s  for preparing  d e u te r iu m /tr it iu m  
la b e lled  com p ou n d s [23], [24], [25]
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(a) P hase transfer catalysis
GO Supercritical fluids
( c ) Sol-gel technology
(d) Ionic Liquids
(e) Solid sta te  reactions
(f) E nergy-enhanced reactions
(g) N ew  reagents
T able 1.4: Im p o rta n t d ev e lo p m en ts  in ca ta ly s is  [26]
N-BuLi + T J M g P A  f c  LiT + n. BuT 
hexane ^
CpZrCIT 
(Schwartz Reagent)
A
LiPh BT, Cp ZrCl Bu SnT
Li(OBu-t) A1T<^
Al(OBu-t)
LiT
E tB
Li(S-Bu) BT 
(selectritide)
LiE
9>L iA lT
LiBT
\ /
BT
(supertritide)
Figure 1.3: P repara tion  of a wide range of tritid e  reagents from LiT
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1.4 P l a n  of A c t i o n
Earlier we have mentioned tha t the area of deuterium /tritium  labelled compounds 
is currently experiencing considerable change, largely as a result of the benefits 
to be obtained through the use of microwaves. We therefore wanted to capitalise 
on the developments so tha t they can be used to deuteriate/tritiate  biomaterials, 
but before embarking on this project we need to gain more experience on simpler 
compounds, some of which can be used as models for subsequent investigations.
In some cases the biomaterials will be required at very high specific activity. Leg­
islative issues e.g. tighter controls on how much radioactivity can be released to 
the atmosphere, together with commercial considerations e.g. the increasing cost 
associated with the storage of radioactive waste, are becoming increasingly impor­
tant leading to the development of a more environmentally acceptable approach 
to radiosynthesis. Consequently we have dispensed with our T 2 glass gas line in 
which the tritium  is contained in small ampoules in favour of a Tri-Sorber unit 
the operation of which is the subject of Chapter 2.
In Chapter 3 we show how microwaves when coupled to solid hydrogen/deuterium 
donors can be used to label a number of aromatics via rapid dehalogenation reac­
tions and in Chapter 5 how the same combination of microwaves and donors can 
be used in hydrogenation reactions. In Chapter 4 Raney nickel catalyst is used, 
again under microwave-enhanced conditions, to catalyse hydrogen isotope reac­
tions. Finally in Chapter 6 we are able to apply one of the techniques developed 
to the labeling of a biocompatible polymer.
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2.1 I n t r o d u c t i o n
W h ilst m any p harm aceutical com panies have their own radiochem ical facilities this 
is very rare in  universities. For tr itiu m  work it is som etim es necessary to  be able 
to  prepare radiolabelled  com pounds at very high specific a ctiv itie s  and in order 
to  do th is tr itiu m  (T 2) gas at 100% isotop ic abundance is often  necessary. T he  
alternative o f using tr itia ted  w ater (T 20 )  is not practical becau se o f th e  hazards 
involved  - th e  h ighest specific a ctiv ity  used  in th e laboratory at th e  U niversity  of 
Surrey was 50 Ci m l-1 w hich equates to  tt 2% isotop ic abundance. N ow adays it 
is com m on to  use labelled  w ater (H T O ) at th e  5 Ci m l"1 level.
U n til recently  a glass gas line was used  to  carry out b oth  hydrogenations and  
arom atic dehalogenations w ith  T 2 gas. T he latter was supp lied  in th e form  o f am ­
poules contain ing 2, 5 or occasionally  10 Curies, but th e m eth od  was not entirely  
satisfactory [1] as w e had th e  problem  o f either using th e  com p lete  am poule or 
m ixin g  th e T 2 gas w ith  H 2 and storing th e  excess. In other cases th e question  of 
storing T 2 gas had to b e addressed. On top  o f th is there was alw ays th e risk of 
tr itiu m  leakage and worse still a breakage o f th e gas line w ith  sp illage of contam i­
n ated  m ercury (contained  in float va lves). C onsequently various alternatives were 
investigated  o f which there were three:
(a) at th e  N ycom ed  A m ersham  laboratories in  Cardiff th ey  had b uilt an all-m etal 
apparatus capable o f handling large quantities of tritium ;
(b) th e T ritec instrum ent m anufactured in Sw itzerland [2], and
(c) th e Tri-Sorber instrum ent m anufactured in th e U SA  [3].
A ll three use uranium  beds to absorb and store th e tr itiu m  gas [4] and we were 
fortunate to  acquire a Tri-Sorber from  G laxo-W ellcom e. It has a num ber o f ad­
vantages over th e  other versions, not least being its com pact size. T he follow ing  
account shows how th e instrum ent was set up and how it has b ecom e an essential 
part o f th e  tr itiu m  facilities at th e  U niversity  o f Surrey.
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2.1 .1  P rincip les o f  Tri-Sorber O peration
T h e In /U S  S ystem s T S-1000 Tri-Sorber houses three uranium  beds [5], each con­
ta in ing  approxim ately  3 gram s of d ep leted  uranium  (238U ). T his form  of uranium  
em its a radiation  w ith  a sm all low energy (0.050M eV ) 7  com ponent, its  h a lf life
(7 ) is 4 .5  x  109 years. It has a very high density  (19.05 g /m l)  and its  attraction  is 
th a t it reacts w ith  H 2/ D 2/ T 2 gas to  form  a trihydride (U H 3/U D 3/U T 3). In th is  
way very large volum es o f gas can b e stored in  a sm all am ount o f com pound. Thus 
to  store 1 m ole of T 2 gas in a 100m l volum e container w ould require a pressure 
o f 224 atm ospheres at 0°C - w ith  a uranium  bed the sam e am ount of gas can be  
stored at atm ospheric pressure in a to ta l vo lum e of less th an  10m l.
T h e reaction  o f uranium  and T 2 gas leading to  the form ation  o f uranium  tri­
tr itid e [6] is reversible:
U(s) +  ^ ( s )  VT3(s)
A t low tem peratures (< 2 5 0 °C ) th e  uranium  tri-tritid e is very stab le and all the  
tr itiu m  ex ists  in th is solid  form. As th e  tem perature o f th e  uranium  bed is in­
creased (3 0 0 -5 0 0 °C) it becom es therm odynam ically  m ore stab le  for th e  tr itiu m  
to  ex ist as T 2 gas. A t th ese  tem peratures a series o f valves can be m anipu lated  
so th at th e required volum e of gas is transferred in to  th e reaction  vessel. As th e  
uranium  is cooled  any gas th a t has n ot been  isolated  for th e purpose o f th e reac­
tion  can b e returned to  th e  bed as can tr itiu m  left over at th e  end of th e  reaction  
provided it  does not contain  any im purity. In th e  event o f any doubt th is tr itiu m  
can pass through a solvent trap before being adsorbed on a secondary uranium  
bed  w hich  can, in  due course, be used as a source o f tr itiu m  w hen th e  specific  
a ctiv ity  requirem ents are not particu larly dem anding.
T h e Tri-Sorber m akes it possib le to  follow hydrogenation  reactions using H 2, D 2 or 
T 2 gases, as w ell as arom atic dehalogenations w ith  th e  sam e gases. In order that
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th e experim ental d ata  can be quantified the instrum ent needed to  be interfaced  
to  a com puter. T h is was done v ia  a  data-logger (D ataq  S ystem s D I-150) and  
allow ed th e difference in pressure betw een th e m anifold  pressure transducer and  
th e reaction  pressure transducer to  be recorded (Figure 2.1). A fter gas is released  
from the uranium  bed and th e required am ount trapped in th e reaction  m anifold, 
th e reaction  m ixture is kept frozen in liquid nitrogen. T his gives tim e for th e excess 
gas to  be re-absorbed onto th e uranium  bed w ith  th e result th a t th e  m anifold  
pressure transducer reading falls to  zero. Therefore w hen th e  com puter records 
th e difference in pressure betw een  th e two transducers we ob ta in  a direct m easure 
o f th e pressure in the reaction  vessel.
A  b lock diagram  of th e Tri-Sorber is given in Figure 2.1. B efore stu d yin g  the  
kinetics o f th e reactions it is necessary to  calcu late (a) th e volum e, o f th e  
reaction  m anifold  and (b) th e volum e of th e connecting m anifold , V o
T he reactions chosen for stu d y  were th e hydrogenation  o f com pounds 1 -6  using  
D 2 gas in th e presence o f W ilk in son ’s cata lyst. T h is gave us th e  opportunity  
o f investigatin g  th e reproducib ility  o f the procedure as w ell as th e  influence of 
various solvents on th e  overall k inetics o f th e  reactions; th e  variation  o f ca ta lyst  
concentration  was also stud ied .
(7) A cry lo n itr ile
(8) C in n am ald eliyd e
(9) C in n am on itr ile
(10) S tyren e
(11) a  — M eth y ls ty re n e
(12) 4  — * B u ty ls ty r e n e
c h 2c h = c n
c 6h 5-c h = c h c h o
c 6h 5-c h = c h c n
c 6h 5-c h = c h 2
C6H 5-C (C H 3)= C H 2
(CH 3) 3.C 6H4-C H = C H 2
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2.2 E x p e r i m e n t a l
2.2 .1  C alculation  o f th e  V olum es V #, V^ and Vj?
F igure 2.1: B lo ck  D iagram  o f th e  T ri-Sorber In stru m en t
T hree vessels o f know n volum e are used on th e Tri-Sorber. B efore each reaction  
th e  gas is trapped in  th e reaction  m anifold  (V ^ ). W hen th e  reaction  is in itia ted  
th e gas is released by opening Tap 3, so th at it occupies th e  vo lum e of V # , the  
connecting  m anifold  (V c )  and th e reaction  flask (V^)-
A n em p ty  reaction  vessel was attached  to  th e  Tri-Sorber and deuterium  gas was 
transferred by heating  th e  third uranium  bed. A t intervals a sam ple of gas was 
iso lated  in Vr, th e  pressure was n oted  and by opening Tap 3 th e  gas iso lated  in  
Vr was allowed to  fill th e  com bined volum e o f V # , V c  and Vf and th e second  
pressure noted . T h e volum e through Vr, Vc and V f  was th en  evacuated  and a 
second sam ple o f gas trapped in Vr and th e pressure noted . A s deuterium  gas 
was being con stan tly  released from  bed  3, th e  second sam ple o f gas trapped in  Vr 
was at a higher pressure to  th e first. T he gas isolated  in  V r  was again allowed to  
flow to  fill Vr, Vc and V f  and th e  second pressure noted . T his procedure was
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repeated  u ntil the pressure of gas trapped in V #  was ^ 8 0 0 m m H g . T he heater was 
then  rem oved from  th e  uranium  bed and further m easurem ents taken as th e gas 
was drawn back 011 to  th e  bed. From th ese  values an average o f th e  ratios betw een  
th e  volum e of Yr and Yr +  V c  +  V f  could be obtained. T his procedure was 
repeated  for th e three different reaction  flasks.
V essel V f  (m l) V c  (m l)
1 +  2 4,12 2 .7 2 /2 .9 6
1 +  3 4.15 2 .7 4 /2 .7 6
2 +  3 4.11 2 .70 /2 .71
A verage 4 .1 3 + 0 .0 2 2 .7 7 + 0 .0 9
T able 2.1: T ri-Sorber M anifo ld  V olu m es
W e now have values for th e pressure o f gas w hen trapped on ly  in  V f  (P i)  and w hen  
th e  sam e sam ple o f gas occupied  V f ,  V c  and V f  (P 2!  A lth ou gh  th e  volum es V f  
(V i)  and V f  +  V c  +  V f  (V 2) were unknow n, one part o f V 2 (V f )  was known. 
U sing B o y le ’s Law, sim ultaneous equations could be applied  to  th e  d ata  to  obtain  
a value for th e 2 unknow n volum es Yr and V c- T hree sets o f calcu lations were 
perform ed, one for each o f th e  three possib le pairings o f flasks (1 + 2 ) , (2 + 3 ) and  
(3 + 1 ). T he results are sum m arized  in  Table 2.2. A n exam p le o f th e  calculations  
perform ed is g iven  in th e  A p p en dix  to  th is chapter.
V essel Yr (m l) V c  (m l)
1 +  2 4.12 2 .7 2 /2 .9 6
1 +  3 4.15 2 .74 /2 .7 6
2 +  3 4.11 2 .70 /2 .71
A verage 4 .1 3 + 0 .0 2 2 .7 7 + 0 .0 9
Table 2.2: Tri-Sorber Manifold Volumes
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2 . 2 . 2  O p e r a t i o n  o f  t h e  T r i - S o r b e r
T lie  procedure used  for th e  six  hydrogenation  reactions was th e  sam e in each case  
and is illu strated  in  th e  follow ing m anner for th e reaction  o f acrylon itrile w ith  
deuterium  gas in th e  presence o f W ilk in son ’s cata lyst.
Prior to  a reaction  being conducted  th e Tri-Sorber was checked to  ensure all taps 
were closed. N ex t th e pressure readings in b oth  th e reaction  pressure transducer  
and m anifold  pressure transducer were noted . If either were above 0 ± 2  m m H g, 
th en  it w ould be necessary to  refer to  th e previous user to  ensure th at any residual 
gas from  their experim ents was non-radioactive. O nce th e  pressure readings in  
th ese  tw o transducers was satisfactory th e  reaction  vessel could be a ttached  to  th e  
Tri-Sorber.
D ue to  th e  long th in  neck 011 th e  Tri-Sorber reaction  vessel it was necessary to  
m ake th e reaction  m ix tu re up in a sm all sam ple vial (2 .5m l) before transferring  
via  a P asteur p ip e tte  in to  th e  reaction  vessel. A crylon itrile (15m g) was p laced  
in to  th e sam ple vial follow ed by th e  so lv en t/ca ta ly st m ix tu re (300/d ). D ue to  
th e sm all weight o f cata lyst em ployed  in  th ese  reactions (3m g) a  stock  solution  of 
cata lyst in  th e solvent was m ade up. T his contained  W ilk in son ’s ca ta lyst (lOOmg) 
in  10m l o f solvent. T he solvent used was a m ixtu re o f to lu en e and ethanol (1:1, 
v /v ) .  T his solvent m ix tu re was chosen as previously good results using th e glass 
deuterium  gas line had been  obtained  and it afforded good so lu b ility  to  th e cata lyst 
(W ilk in son ’s). B y  adding 300/d  o f solvent to  th e  reaction  v ia l th e  correct weight 
o f ca ta lyst was added. T he reaction  m ixtu re was th en  transferred in to  th e  long  
necked Tri-Sorber reaction  vessel.
E volu tion  of gas could th en  b e in itia ted . A  dial on th e front o f th e  unit was set so 
th a t an audible alarm  sounded w hen th e  pressure reading on th e m anifold  pressure 
transducer reached a pre-calcu lated  value. T his value was ca lcu lated  using the  
ideal gas equation; w hen working in m m H g (Torr) a value o f 62.36 (L Torr K -1  
m o l-1 ) was used  for th e ideal gas constant (R ). A ll reactions w ere th erm ostated
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at 25 °C . K now ing th e num ber of m oles o f substrate in th e reaction  m ixtu re and  
if  a m olar excess o f gas was to  be used  w e could determ ine th e num ber o f m oles 
of deuterium  gas required (11). T he volum e Vr was ca lcu lated  in Section  2.2.1 
and w e could th en  determ ine th e  am ount (pressure) of gas we needed  to  trap in  
Vr for the purpose of th e reaction . T he h ighest pressure th at could  be used  on  
th e  Tri-Sorber was 1000 m m H g, allow ing us to operate w ell above atm ospheric  
pressure if  required.
T h e m axim u m  tem perature reached by th e  heater around th e  bed  could also be set. 
For general use of th e  Tri-Sorber th is was usually  550°C (sta in less stee l becom es  
porous to  tr itiu m  above 600°C). To in itia te  th e heating  th e  heater lever for bed  
3 (deuterium ) was pulled  out and set in  p lace and th e Tri-Sorber unit sw itched  
from  reset to  run. W hen  Tap 9 was opened , th is in itia ted  h eatin g  o f th e  bed  and  
it w ould take 7 -8  m inutes u ntil gas started  to  be released from  th e  uranium  bed.
W h ile  th e  uranium  bed  was being  heated  th e sam ple vessel was evacuated  and if  
required degassed  or flushed w ith  an inert gas (helium ). T h e reaction  vessel was 
im m ersed  in liquid  n itrogen  so th at its contents were frozen. Care was required to  
m ake sure th at th e  o-rings contained w ith in  Vf did not also freeze as th ey  would  
th en  lose their fu n ction a lity  and a leak to  atm osphere m ay arise. T he vacuum  
pum p was sw itched  on and Taps 10, 2 and 3 opened seq u en tia lly  to  evacuate  
th e  reaction  flask. Taps 3, 2 and 10 were th en  closed. W hen th e reaction  m ixtu re  
required degassing th e liquid  nitrogen was rem oved from  around th e  reaction  vessel 
and th e vessel and its  contents allowed to  return to  room  tem perature. T he process 
o f freezing the reaction  vessel and evacuating it could th en  b e repeated .
W ith  the reaction  vessel com pletely  evacuated  and Taps 3, 2 and 10 shut Tap 5 
was opened  to  allow  th e  gas being released to  flow through to  Vr. A s th e  pressure 
approached th e  pre-determ ined level for th e reaction  th e  operator prepared to  
close Tap 5. W hen  th e  pressure was reached Tap 5 was closed. A t th is point an 
audible alarm  sounded and it  was necessary to sw itch  th e Tri-Sorber unit from  
run to  reset and push th e  heater lever back in to  th e Tri-Sorber housing so th at
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T h e gas required for th e  reaction  was now trapped in  Yr and th e excess gas 
re-absorbed onto th e  uranium  bed  as it cooled. W hen all o f th e  excess gas had  
been  re-absorbed th e reading on th e  m anifold  pressure transducer w ould read zero. 
W h ile th e  gas was being re-absorbed th e  liquid nitrogen was rem oved from  the  
reaction  vessel and th e  reaction  m ixtu re allowed to  thaw . For th e  d ata  obtained  to  
be com parable from  experim ent to  experim ent it was necessary to  keep th e  reaction  
m ixtu re at a constant tem perature. T his was done by p lacing a th erm ostated  water  
b ath  kept at 2 5 ± 0 .1 °C  around th e reaction  vessel
It was th en  necessary to  start th e data-logging program  on th e com puter. T he pro­
gram  takes a direct m easurem ent o f th e difference in pressure betw een  th e reaction  
pressure transducer and th e  m anifold  pressure transducer, so it was essentia l th at 
all th e  excess gas was re-absorbed and th at the m anifold  pressure transducer read  
zero before th e  experim ent was started . O nce th e reaction  m ix tu re  was at room  
tem perature and th e  m anifold  pressure transducer read zero, Tap 9 was closed and  
Tap 1 was opened  to  allow gas in to  th e  reaction  vessel. T h e data-logger sam pled  
th e pressure differential once a second and a p lot o f pressure vs tim e  built up on  
th e  m onitor display.
T h e end p oin t o f th e  reaction , w hen th e uptake of gas ceased , could  be clearly  
seen  on  th e  com puter m onitor. A t th e  end o f th e  reaction  th e  reaction  vessel was 
placed  into liquid  n itrogen to  freeze th e  reaction  m ixture. Tap 5 and 9 were th en  
opened  to  allow any unreacted  gas back onto th e uranium  bed  so th at it could  
be used at a later date. W hen b oth  th e reaction  pressure and m anifold  pressure 
transducers read zero, taps 5 and 9 were closed and th e reaction  vessel rem oved  
from  th e gas line. T h e 2H nm r QH decoupled) spectrum  o f th e product could be  
run d irectly  from  a sam ple taken  from  th e  reaction  m ixtu re. O btain ing th e 1H 
nm r sp ectru m  of th e  product required rem oval o f th e reaction  so lvent in a stream  
o f n itrogen  gas and th e  residue to  be d issolved  in a su itab le deuteriated  solvent.
h eatin g  o f th e  uranium  bed ceased.
T h e inform ation  from  th e data-logger was then  extracted  as a D A T  file onto a P C ,
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where using a spreadsheet program  (e.g. M icrosoft E xcel) it  was processed  to  give  
rate constants for th e ind iv idu al reactions.
2.2 .3  XH and 2H  (XH  decoupled) N M R  Spectra
A ll sp ectra  were run on a Bruker AC-300C F T -N M R , operating at 300M H z for 1H, 
46M H z for 2H and 320 M Hz for 3H; XH and 3H spectra were ob tained  in deuteriated  
solvents w hile 2H spectra  were obtained  unlocked in a su itab le protonated  solvent. 
R eferencing was done using te tram eth ylsilan e (proton) and to  a n otional value for 
tetram eth ylsilan e calcu lated  from  th e  m agnetogyric ratio o f deuterium . B oth  2H 
and 3H spectra were perform ed w ith  *H decoupling.
Sam ples were run in 5m m  glass nm r tubes. For solid sam ples pb 10 -15m g o f sam ple  
were taken up in 0 .5m l o f solvent. For liquid  sam ples 2 -3  drops were taken up  
in  0 .5m l o f solvent. For deuterium  labeling  studies th e  H i nm r spectra  o f the  
substrates and th e products as w ell as th e  2H nm r (1H decoupled) spectra o f the  
products were obtained.
O f all th e isotopes of hydrogen, th e  analysis o f deuterium  by nm r can be th e m ost 
p rob lem atic [7]. D euterium  nuclei are quadropolar (1= 1) w hich  leads to  broad  
spectral lines [8]. As th e chem ical sh ift range is also sm all th is can lead to  poorly  
resolved spectra [9].
N M R  signals produced by deuterium  show very litt le  difference in chem ical shift 
(< 0 .0 6 p p m ) from  th e  signals th a t w ould b e produced by protons [10]. D euterons  
have a longer relaxation  tim e  than  protons (extend ing exp erim en t tim es) which  
causes peaks to  be broader than  those seen in  proton or tr itiu m  nm r spectra. 
T here is also different solvent effects seen  betw een  deuterons and protons, which  
have been  ascribed to  th e differences betw een  hydrogen bond ing and deuterium  
bonding. T here are also other signals observed in deuterium  nm r spectra due to  
sp in  coupling w ith  31P and 13C [11].
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2.3 R e s u l t s
In all six  reactions th e experim ental d ata  appeared first o f all as a p lot o f pressure 
o f D 2 gas (m m llg ) against tim e  (in  seconds) - see F igure 2.2.
2 . 3 . 1  A n a l y s i s  o f  t h e  E x p e r i m e n t a l  D a t a
T im e/secs
F ig u r e  2 .2 : H y d r o g e n a t io n  o f  4 -* B u ty ls ty r e n e  (1 2 )  w i t h  D 2 g a s  o n  t h e
T r i-S o r b e r  (a t  2 5 °C )
A rate constant for th e  reaction  was calcu lated  in th e follow ing m anner.
T he pressure at th e  end p oin t o f th e  reaction  was given  th e  value Poo and th is 
value was subtracted  from  each o f the other pressure d ata  p oin ts to  g ive a value  
for each data point o f (P t-  Poo). A p lot o f log io (P f-P co) against tim e  (F igure 2.3) 
gave a straight line, th e  slope being -k, where k is th e  1st order rate constant.
T he variation in pressure w ith  tim e p lots for the reactions o f com pounds 1 -6  are 
show n in Figure 2.4.
T he collected  first order rate constants are given  in Table 2.3.
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T im e/secs
F ig u r e  2 .3 : P lo t  o f  l o g 10( P f-P o o )  a g a in s t  t im e  fo r  t h e  h y d r o g e n a t io n  o f  
4 + B u t y l s t y r e n e  (1 2 )  w i t h  D 2 g a s  o n  t h e  T r i-S o r b e r  (a t  2 5 °C )
2.3 .2  S tudy o f  Solvent E ffects
Lauryl m eth acry la te  (1 3 )  (15m g) was chosen as th e substrate and W ilk in son ’s 
ca ta lyst (5m g) was used in each experim ent. E ight solvents were chosen using  
volum es o f 300/d  in each case. T he tem perature was kept at 2 5 + 0 .1°C. T he  
results ob ta ined  are sum m arized  in  Table 2.4.
2.3 .3  Effect o f  Varying C ata lyst C oncentration
Lauryl m eth acry la te  (15m g) was used  in  a 1:1 (v /v )  m ixtu re o f to lu en e and ethanol 
(300/d) and th e concentration  o f W ilk in son ’s cata lyst was varied. T he results are 
sum m arized  in  Table 2.5 and Figure 2.5
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Time/secs
F igure 2.4: V ariation  o f p ressure w ith  t im e  for th e  h yd rogen ation  (D 2
gas) reaction  s tu d ies  (at 25°C)
H Me H Me
> = <     o - H
H C02(CH2)uCH3 H d C02(CH2)hCH3
(13)
Substrate W eight
(m g)
Substrate
C onc.(M )
Solvent
(a*i)
C atalyst
(m g)
C ata lyst
C onc.(M )
10 Ak
(sec-1 )
7 15 0.94 300 3 1.08 x 10-2 3 .6 4 + 0 .1 3
8 15 0.38 300 3 1.08 x  10-2 < 0 .1
9 15 0.39 300 3 1.08 x 10-2 <0 .1
10* 15 0.42 300 3 1.08 x 10-2 1 .23+ 0 .06
11 15 0.48 300 3 1.08 x 10-2 <0 .1
12 15 0.31 300 3 1.08 x  10~2 1.87+0.31
*k was obtained using the Guggenheim equation in this case
T able 2.3: D erived  1st order rate co n sta n ts  (a t 25°C )
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Solvent 104fc
(sec-1 )
D ich lorom ethane 2 .1 1 + 0 .0 4
Toluene /  E thanol 1 .83+ 0 .07
50:50 (v /v )
M ethanol 1 .70+ 0 .07
Toluene 1 .16+ 0 .03
E thanol 0 .6 4 + 0 .0 9
D ioxane 0 .5 7 + 0 .0 2
D im eth y l sulfoxide < 0 .01
W ater < 0 .0 1
T able 2.4: S o lven t effects on th e  ra tes o f h yd ro g en a tio n  o f  lauryl
m eth a cry la te  (at 25°C)
C atalyst C oncentration 104fc
(m g) (M  x  10- 2 ) (sec- 1 )
0.75 0.27 0.3
0.9 0.32 0.8
1.1 0.39 1.09
3.0 1.08 1.25
5.0 1.80 1.36
7.3 2.63 1.23
9.3 3.35 1.47
T able 2.5: E ffect o f vary in g  c a ta ly st co n cen tra tion  on th e  rate o f  
h yd ro g en a tio n  (D 2 gas) o f  lau ry l m eth a cry la te  (a t 25°C )
31
Concentration of Wilkinson’s Catalyst (M)
F igure 2.5: E ffect o f ca ta ly st co n cen tra tion  on th e  rate o f  
h yd rog en a tio n  o f lau ry l m eth a cry la te  (at 25°C )
2.4 Discussion
T he advantages of th e  Tri-Sorber instrum ent over th e previous gas line are many:
1 N o longer is there a need  to  supply T 2 gas in glass am poules, thereby leading  
to  considerable savings.
2 T he availability  o f three uranium  beds m eans that one can be used  for storing T 2, 
another for storing D 2 so th at prelim inary work w ith  deuterium  can be undertaken  
prior to  using tr itiu m  under the sam e experim ental conditions.
3  T h e third uranium  bed  can be used for storing tr itiu m  at th e  end o f reactions 
w here its purity  m ay have been  com prom ised i. e. w hen a v o la tile  solvent or gaseous 
products are released.
4  T h e uranium  beds, which m ay have becom e depleted  o f tr itiu m  or m ay contain  
tr itiu m  w aste, can be sent for d econ tam in ation /rep lacem en t/refurb ish m en t.
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5 T he instrum ent can be easily  interfaced to  a com puter so th a t th e  consum ption  
o f T 2 (or D 2) as a fu n ction  o f tim e  can be recorded and th e  appropriate rate 
constants derived.
6 For re la tively  slow reactions it  is m uch easier to  increase th e  pressure (e.g . by 
using m ore T 2 gas) and hence increase th e  reaction  rate th an  in th e case w hen  
em ploying am poules contain ing sm all quantities (1 -2  Ci) o f tr itiu m  gas.
7  It becom es m uch easier to  record th e am ount o f T 2 gas th a t has been  used over 
exten d ed  periods o f tim e  than  w hen different am poules are b eing  used.
8  It is an ideal instrum ent for m easuring th e  k inetics o f hydrogenation  reactions 
and investigatin g  factors such as solvent effects, iso top e effects etc . w hich may, 
w hen coupled  to  com plem entary nm r investigations, provide valuable m ech anistic  
inform ation .
Turning now to  th e  k in etic  data, three o f th e  com pounds (2, 3 and 4) had reac­
tion  h a lf lives w ell in excess o f 2hrs w hich was too  long as idea lly  th ese  kinds of 
hydrogenation  reactions should b e com plete in 10-20 m in utes. O ne factor th at is 
likely  to  be responsible for th e slow  rate is th e  low so lub ility  o f H 2/D 2/ T 2 in  m any  
organic solvents. T his problem  can be overcom e by using solid  donors such as 
form ates, esp ecia lly  as th ey  can be coupled to  m icrow ave enhancem ent o f reaction  
rates, som eth in g th at is not p ossib le for th e gases. Indeed it could  w ell be th at th e  
m ain  application  o f th e  Tri-Sorber instrum ent in th e future w ill b e in th e  prepara­
tion  o f h igh  specific a ctiv ity  solid  tr itiu m  donors which can be conven iently  stored  
prior to  use.
O f th e  eight so lv en ts/so lv en t m ixtures th at were used to  stu d y  th e  hydrogenation  
(D 2(fl)) o f lauryl m eth acry la te , d ichlorom ethane was m arginally  th e  best although  
th e  differences th em selves were not very large. Som ew hat surprisingly d im ethyl 
sulfoxide was seen to  be a poor so lvent, as also was water. W ith  th e  good  solub ility  
th a t th e  m ixtu re o f to luene and ethanol (1:1, v /v )  provides w ith  a w ide range of 
substrates and ca ta lysts  we an ticip ate th at th is w ill be our solvent o f choice in
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T he dependence o f th e 1st order rate constant k 011 ca ta lyst concentration  (Ta­
b le  2.5 and Figure 2.5) shows th at there is noth ing to  be gained by increasing  
th e ca ta lyst concentration  above 0.012 M. It w ould be in teresting  to  see w hether  
th e effects could b e reproduced for solvents other th an  th e  1:1 (v /v )  to lu en e and  
ethanol so lvent m ix tu re em ployed.
future investigation s, at least for prelim inary studies.
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2.5 A p p e n d i x
2.5 .1  D a ta  for th e  C alculation  o f  th e  V olum es V # , V c  and
V F
T h e d ata  in th e follow ing Tables (2 .6 -  2 .8) was co llected  v ia  th e  procedure given  
in  S ection  2.2.1. T h e figure in th e  first colum n (V r )  is th e  pressure o f gas trapped  
in  th e reaction  m anifold  and th e  figure in th e  second colum n th e  pressure exerted  
by th e  gas trapped  in Vr w hen allowed to  fill th e  vo lum e V f + V c + V f -  T he value  
in  th e  third colum n is th e  value o f V f  w hen V f + V c + V f  is equal to  unity. For 
each tab le  an average o f th e  values in colum n 3 is taken and th is value is used in  
subsequent calculations.
Pressure R atio
ValueV f VF + V c + V F
157 85 1.847
208 112 1.857
279 151 1.847
347 188 1.846
328 178 1.843
248 134 1.851
97 52 1.865
54 29 1.862
Average 1.852
T able 2.6: F lask  1
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Pressure R atio
ValueV r V ^ + V c'+ V f
227 102 2.225
346 155 2.232
478 214 2.233
509 229 2.222
98 44 2.227
Average 2.228
T a b le  2.7: F la s k  2
Pressure R atio
ValueV r V r + V c + V f
213 99 2.152
305 141 2.163
352 167 2.168
490 228 2.149
443 206 2.150
332 154 2.156
109 50 2.180
Average 2.151
Table 2.8: Flask 3
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U sing B o y le ’s Law it was p ossib le to  create pairs o f sim ultaneous equations that 
w ould allow us to  determ ine values for th e  volum e of th e  reaction  m anifold  (V f ) 
and th e volum e of the connector betw een  th e Tri-Sorber and th e  reaction flask
(V o ) .
F o r  F la s k  1
Vi =  P2V2 
1 .852V r =  VR +  Vc +  Vf
s u b t r a c t  V r  fr o m  b o th  s id e s  
0 .852V r =  Vq -f- Vp
V p  is  o f  k n o w n  v o lu m e  (0 .7 9 m l)
0 .852V r =  Vc  +  0.79
0.852V r - 0.79 =  Vc: I2 -1)
F o r  F la s k  2
Pi Vy =  P2V2
2.228Vr — Vr + Vq + Vp
s u b t r a c t  V R  fr o m  b o th  s id e s  
1 .228V r =  Vc +  Vp
V p  is  o f  k n o w n  v o lu m e  (2 .3 4 m l)
1 .228V r =  Vc  +  0.79
1 .228V r — 2.34 =  Vc  (2.2)
s u b s t i t u t e  2 .1  in to  2 .2  
1.228Vr  -  2 .34  =  0.852V r  -  0.79
s u b t r a c t  0 .8 5 2 V r  fr o m  b o th  s id e s  
0 .376 Vr  — 2.34 =  1.55
a d d  2 .3 4  to  b o th  s id e s  
0 .376Vr  =  1.55
VR =  4 .12m l (2.3)
s u b s t i t u t e  2 .3  in to  2 .1  
(0 .852 * 4.12) -  0 .79 =  Vc
Vc  =  2 .72 ml
s u b s t i t u t e  2 .3  in to  2 .2  
(1.288 * 4 .12) — 2.34 =  Vc
Vc =  2 .96m l
Sim ilar sets o f calcu lations were perform ed using flask 1 +  3 and th en  Flask  2 +  
3, th e  results were sum m arised  earlier in th e chapter in Table 2.2.
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3.1 I n t r o d u c t i o n  t o  M i c r o w a v e s
T he m icrow ave part o f th e  electrom agnetic  spectrum  lies b etw een  th e  far infrared  
and th e radio regions. T h e w avelengths vary from  1 to  100 cm  (30 GHz to 0.3 
GH z) [1] w ith  th e region betw een  l-2 5 c m  reserved for radar use [2] and th e  rest 
o f th e  region is given  over to  use by telecom m unications. D u e to  th e  possib le  
conflicts w ith  th ese  im portant areas an international convention  has agreed that 
several frequencies are set aside for th e purpose o f m icrow ave heating. T hese  
bands correspond to  th e  w avelengths, 32 .8cm  (9 1 5 + 2 5  M H z), 12.2cm  (2 ,450+ 13  
M H z), 5 .17cm  (5 ,8 0 0 + 7 5  M H z) and 1.36cm  (22 ,125+ 125  M H z). T he band of 
th e  m icrow ave region at 12.2cm  is used for th e operation  of d om estic  heating  
equ ipm ent. T h e use o f m icrow aves has proved useful becau se m any com pounds 
are n aturally  stim u lated  by electrom agnetic  waves o f th is frequency.
T he m icrow ave oven was a by-product o f th e  research in to  radar technology  by  
Spencer during W orld War II [3]. W hile running experim ents on h is vacuum  tu b e  
(later to  b ecom e th e m agnetron  Figure 3.1) Spencer n oticed  th a t a chocolate bar 
in  his pocket m elted . Further exp erim en ts on popcorn kernels and an egg, w hich  
exp loded , led  to  th e developm ent o f th e  m icrow ave oven for th e rapid cooking of 
food.
T h e applications o f m icrow aves to  syn th etic  organic chem istry  dates from  1986 
w hen G edye et. al [4] and G iguere et. al [5] published their in itia l findings. S ince  
th en  th e  field has experienced  considerable grow th - by th e  end o f 1997 close on  
500 research pub lications had been  reported w ith  the annual rate continuing to  in­
crease dram atically. O ther uses o f m icrow ave technology are th a t o f environm ental 
sam ple d igestion , w ith  applications in analytica l chem istry and th e  m anagem ent 
o f chem ical w aste [6], [7], [8].
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3 . 1 . 1  I n s t r u m e n t a t i o n
A s far as instrum entation  is concerned th e possib ilities m ay be conveniently di­
v ided  into three categories:
(a) dom estic  household  appliances designed for th e rapid cooking of food,
(b) m od ified /self-b u ilt equipm ent,
(c) com m ercial products.
T h e first o f these, a lthough  never intended for chem ical synthesis, has turned  
out to  be very useful, particu larly for sm all-scale reactions. T h ey  are however 
not designed to  w ith stan d  explosions, neither are th ey  w ell ven tila ted  and there  
is therefore no way th a t any corrosive fum es produced, th a t m ay dam age th e  
m icrowave cavity, can be extracted . Furtherm ore th ey  do not have th e in-situ  
tem perature and pressure m onitors available in com m ercial instrum ents, resulting  
in  reduced levels o f safety. N either are th ey  su itab le for ld n etic /m ech a n istic  stud ies  
and inter-laboratory com parisons o f results is therefore difficult. N evertheless for 
prelim inary investigations, prior to  purchasing a vastly  m ore expensive com m ercial 
instrum ent th ey  are invaluable.
For th e  synthesis o f radiopharm acuticals [9] contain ing p ositron  em itters w ith  
short half-lives such as n C ( t i =  20 m in), 18F  ( t i =  llO m in ), 76Br ( t i  =  16 hrs), 
w hich are subsequently  used in positron  em ission  tom ography (P E T ) stud ies 
rapid synthesis is particularly im portant and several research groups have de­
signed  their own instrum ents [10], [11] to  m eet these requirem ents. For a broad  
range o f organic syntheses at elevated  tem peratures and pressures Strauss and  
co-workers [12], [13] have developed  a continuous m icrowave reactor (C M R) and 
a m icrowave batch  reactor (M BR ) w hich are now com m ercially  available from  
M ilestone s.r.l. (B ergam o, Ita ly ). R eactions successfu lly  perform ed using these  
instrum ents include oxidations, hydrolysis o f tertiary am ides, etherifications and  
isom erisations.
A m on gst th e  instrum ent m anufacturers th e m ost w idely  know n are CEM  and Pro-
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labo. W ith  their products th e  sop h isticated  m agnetron, w hich is th e source o f th e  
m icrow aves, allows th e  user to  vary th e energy th at is entering th e  reaction  system ; 
th e  waves also enter th e system  in a m onom odal form  giving a concentration  effect. 
T his is in  contrast to  d om estic  appliances w hich can on ly  produce m icrowaves o f 
a single power; here th e m icrowaves tend  to  enter th e cavity  in  m u ltim od al waves. 
W ith  th is ty p e  o f fixed  m agnetron th e energy going in to  th e reaction  system  can  
only be varied by pulsed  heating. In other words th e m agnetron  is turned 011 and  
off for different tim es during a h eatin g  cycle.
F ig u re  3.1: S ch em atic  of a  m a g n e tro n
Inside th e m agnetron (F igure 3.1) electrons are generated  at th e  cathode and un­
der norm al circum stances th ey  w ould be im m ediate ly  drawn towards th e anode  
under th e influence o f the force o f charge attraction . In th e  m agnetron  th e com ­
bined  influences o f th e  electric  and m agn etic  fields bend th e  p ath  o f th e  electrons  
so th ey  orbit th e cathode. As th e electron  concentration  around th e cathode in­
creases, electrons m ove tow ards th e  anode, until th ey  strike th e  anode. In doing  
so th e  p oten tia l energy lost by the electrons generates th e  m icrow ave field which  
is tran sm itted  through th e  ou tp ut transform er into th e  m icrow ave cavity.
In th e instrum ent used  in  th e present stud ies th e m agnetron produces m icrowaves 
o f a fixed  power, 750 W . Therefore th e only way to vary th e energy input into a
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sy stem  is to  pu lse th e source at fixed  intervals. T he instrum ent works in repeated  
20 second cycles. T h e M atsui M 167 B T  instrum ent offers settin gs o f 20, 40, 60, 
80 and 100% th at are available to  th e  user. Therefore on  th e  40% power setting  
th e  m agnetron  is turned on for 8 seconds and off for the n ex t 12 seconds before 
repeating th e cycle  a num ber o f tim es u ntil th e  required h eatin g  tim e  is com pleted .
In th e research reported in th is th esis all o f the experim ents were perform ed us­
ing a d om estic  appliance (M atsui M 167 B T ). W hen chem ical reactions take p lace  
in a vessel p laced  in  a th erm ostat th e  therm al energy (heat) is transferred by a 
com bination  o f convection  and in  som e cases conduction. T his is w hy som e tim e  
elapses for th e reaction  vessel to  acquire th e  desired tem perature. Inefficient stir­
ring m ay also result in  th e  reaction  m ixtu re being non-isotherm al during therm al 
experim ents. H owever w ith  m icrowaves th e heating is considered to  be far m ore  
in tim a te  [14] - th is is because heating occurs as a result o f th e  in teraction  of th e  
energy w ith  electric  d ipoles, present in th e  solvent an d /or  th e reactants. T his leads 
to  there being  an even  d istribution  of tem perature throughout th e  reaction  m ix­
ture w ith  th e reaction  tem p eratu re being  reached m ore rapidly. In tim ate heating  
m ay also lead  to  solvents becom ing superheated  (Section  3 .L 3 ).
3.1.2 Mode of Action of Microwaves
W hen a polar m olecu le is irradiated w ith  m icrowaves it  rotates to  align itse lf  w ith  
th e  applied  field - th is is th e energetica lly  favourable orien tation  for th e m olecu le  
to  occupy. T he frequency o f m olecular rotation  has a tim e  scale o f around 10~9-  
10“ 11 sec, sim ilar to  th ose o f th e m icrow ave field (10“ 10 sec). T h is process o f re­
orien tation  leads to  th e absorption  o f energy. T he ab ility  o f a m ateria l to  convert 
electrom agnetic  energy into heat energy at a given  frequency and tem perature is 
defined by tan  8 where
tan5  =  e /e
4-3
e , th e  relative p erm ittiv ity , is a m easure o f th e ab ility  o f a m olecu le to  be po­
larised by an electric  field and e , th e d ielectric loss, reflects th e ab ility  o f th e  
m ediu m  to  convert m icrow ave energy into heat. Solvents such as w ater, m ethanol, 
dim ethylform am ide, chloroform , d m iethylsu lfoxide and acetic  acid, all w ith  d ipole  
m om en ts, interact w ell, i.e. are h eated , w hen irradiated w ith  m icrow aves. Con­
versely solvents such as hexane and carbon tetrachloride are ineffective for use  
under m icrow ave irradiation.
For reactions carried out therm ally  th e  choice o f solvent is governed by factors such  
as solubility , ease of iso lation  of products, in it ia l/tra n sitio n  sta te  solvation  etc. For 
m icrow ave-enhanced reactions th e  criteria are som ew hat different. As m entioned  
above th e choice is lim ited  to  polar m olecules able to  in teract effectively  w ith  the  
m icrow aves. For reasons o f safety  high boiling point solvents are preferable unless 
th e  reactions are to  b e carried out in sealed  tu b es capable o f w ith stan d in g  high  
pressures. In such instances reaction  vessels m ade o f P T F E  are useful.
In v iew  o f th e  fact th a t th e  m icrow ave field is geom etry  dependent other fac­
tors need  to  be taken in to  account. T hese include th e  reaction  volum e and th e  
shape o f th e  reaction  vessel. E xperience shows th at it is helpfu l to  perform  in itia l 
investiga tive  reactions on a sm all scale o f a few  m illilitres.
3.1.3 Superheating Effects
U nder th e influence o f m icrow ave radiation  m any syn th etic  reactions have shown  
faster rates and im proved y ields w hen com pared w ith  their th erm al analogues. 
T h e question  of w hether th is is due to  a lternative reaction  pathw ays [15] or ju st 
th e  raised tem peratures due to  m icrow ave “superheating effects” is still being  
d ebated  [16], [17]. M ost effects of rate acceleration have been  exp lained  using th e  
Arrhenius equation  to  pred ict rates seen at elevated  tem p eratu res [18], [19]. D ue  
to  th e nature o f the Arrhenius relationsh ip , if  th e boiling poin t o f a solvent can  
b e increased by 20°, a considerable increase in rate w ill result.
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k =  Ae~EalRT
A m odel for th e  effect o f m icrow aves oil so lvents has been  proposed by B aghurst 
et al [20] who poin ted  out th at superheating should m ore accurately  be called  
nucleation  lim ited  boiling point (N L B P ). T w o classes o f so lvents have therein  been  
defined, a m ajority  fall into th e group w hose boiling p oin ts are elevated  above the  
conventional boiling  poin t by betw een  13-26°C , and other so lvents (e.g. water) 
w hose boiling poin ts are raised very little . Table 3.1 d em onstrates th e  increase in  
th e boiling  point o f 9 solvents w hen heated  by m icrow aves, figures in  brackets are 
deviations from  conventional boiling points.
Solvent B oiling  Point 
°C /760m m H g
X ylen e
Therm om eter[21]
F luoro-optic  
T herm om eter [22]
T herm al
Imaging[23]
W ater 100 104(4-4) 105(4-5) -
M ethanol 65 78(4-13) 84(4-19) 84(4-19)
E thanol 75 90(4-11) 103(4-24) -
2-Propanol 82 87(4-5) 100(4-18) 108(4-26)
Tetrahydrofuran 66 7 9 (+ 1 3 ) 81(4-15) 103(4-36)
D ich lorom ethane 40 47(4-7) 55(4-15) -
Chloroform 62 81(4-19) - -
A ceton itrile 81 97(4-16) 107(4-26) 120(4-38)
N itrom eth an e 102 110(4-8) - -
T able 3.1: M ea su rem en ts  o f  so lv en t b o ilin g  p o in ts  (°C ) in th e
m icrow ave [20]
Vessels th a t are used  in th e m icrow ave tend  to  be m ade of m icrow ave transparent 
m aterials (P y r e x /g la ss /P T F E /T e flo n ) . T he use o f th ese m ateria ls m eans th at all 
h eatin g  energy is available for th e reaction . In therm al based reactions the reaction  
vessel w ill b ecom e heated  and after th e reaction  is com p lete  tim e  m ust b e set aside
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for cooling th e reaction  m ixtu re. Therefore a further advantage th a t can be gained  
by using m icrow ave-enhanced heating is th e  speed at w hich  th e  product can be  
accessed. W ith ou t having to  w ait for th e  reaction  vessel to  cool (unless warm ed  
by convection  from  th e  reaction  m ixtu re) th e  vessel can b e handled , th e product 
extracted  and th e vessel m ade available for further reactions w ith ou t delay. T his  
could be extrem ely  valuable for techniques (e.g. P E T ) w here iso top es w ith  short 
h a lf lives are in use. F igure 3.2 shows th e difference in rate o f h eatin g  and cooling  
b etw een  th e sam e volum e o f w ater heated  by therm al and m icrow ave-enhanced  
sources.
Time/mins
F igure 3.2: H ea tin g  and coo lin g  curves for w ater u n der th erm a l and  
m icrow ave-enh an ced  con d ition s
3.2 Aromatic Dehalogenation
A rom atic dehalogenations are o f w ide in terest, not on ly  becau se th ey  provide a 
route to  d eu ter ia ted /tr itia ted  com pounds, but also because poly-halogen  substi­
tu ted  com pounds find a range o f applications. M any are used  as p esticid es and  
exh ib it h igh to x ic itie s  [24], som e are carcinogenic. M ethods th at lead to  their
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d ehalogenatioii (reducing their harm ful properties) are therefore very useful. As a 
m eth od  of preparing radiolabelled  com pounds dehalogenation  has obvious poten­
tia l. In theory it should  b e p ossib le to  have, as a reactant, a com pound w ith  m any  
halogen  groups. T herefore dehalogention  could produce com pounds incorporating  
m ore than  1 tr itiu m  atom  giving a higher specific a ctiv ity  th an  m on o-tr itia ted  
species. T h e literature contains relatively  few  exam ples o f such studies.
As m entioned  in C hapter 1 arom atic dehalogention  in th e  presence o f a hom oge­
neous or heterogeneous cata lyst and either D 2(5) or T 2(3) is one o f th e  m ost w idely  
used  m eth ods o f preparing deuterium  and tritium  labelled  com pounds. W hilst 
there are no serious disadvantages as far as deuterium  is concerned there are sev­
eral in  the case o f tr itium . T hus as th e exam ple below  show s on ly  50% of th e
X
+  T X
tr itiu m  from  th e  T 2 gas is incorporated in  th e desired product and w hilst th is 
can lead  to  a product o f h igh specific a ctiv ity  a great deal o f w aste is produced. 
T his brings w ith  it problem s o f how b est th e  d isposal and storage o f th is w aste  
should b e carried out. Further problem s arise from  th e reaction  products. D X /T X  
m ay poison  th e  ca ta lyst [25], [26] and th is can lead to  a reduction  in th e  rate o f  
reaction . A gain  th is is a greater problem  w hen using (even  though  it is only  
a weak (3~ em itter) th an  D 2(5).
U n til recently  reactions such as described above were usually  carried out on a 
gas line m ade o f glass using am poules o f T 2 gas, u sually  contain ing 1, 2, 5 or 
excep tion a lly  10 Curies. T he am poules had to  b e first broken and th e  gas then  
transferred to  th e reaction  vessel. W ith  such sm all volum es (1 C urie of T 2 gas at 
25°C and 1 atm osphere pressure occupies 0.4 cm 3) th e reactions ten d  to  be slow  
and th e  conditions before hand have to  b e adjusted so th at all th e tr itiu m  gas 
is consum ed. There is no guarantee th at th is w ill take p lace and furtherm ore it
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is not easy to  check th at th e  am poule contained  th e am ount o f tr itiu m  specified. 
Furtherm ore if th e  am poule has been  stored for som e considerable tim e  som e of the  
tr itiu m  gas m ay becom e adsorbed on th e  glass surface and b e  difficult to  rem ove. 
For all o f th ese  reasons we believed  an im proved m eth od  o f dehalogenation  would  
be o f great benefit.
T h e T ritium  Group at Surrey has previously  published its findings on m icrowave- 
enhanced  hydrogenation  reactions [27], [28], [29], [30], H ere th e  gases II2/ D 2/ T 2 
were replaced by H /D /T  donors o f which form ates turned out to  be the m ost 
useful. In th is way hydrogenation  reactions were accom plished  in a m atter o f a 
few  m inutes by using sto ich iom etric  am ounts o f tr itia ted  form ate - it was possib le  
to  ob ta in  q u an tita tive  reaction  w ith  litt le  or no rad ioactive w aste produced. It is 
an ticip ated  th at th is w ill soon becom e th e  accepted  route for th e  tr itia tion  o f a 
large range o f com pounds and it was o f interest to  see w hether th e  success could  
b e repeated  on dehalogenation  reactions. There have already been  a num ber o f 
cases reported in th e  literature [31], [32], [33] where form ates have been  used for 
dehalogenation  reactions, but none in which th ey  have been  coupled  to  m icrow aves.
In th e  sam e way as hydrogen iso top e exchange reactions have been  used to  study  
various aspects o f reaction  m echanism s e.g. variation o f rates w ith  th e acid ity  of 
th e substrate or the effect of solvent so also can dehalogenation  reactions. Here 
the crucial variant is th e C -X  bond, w here X  can be either F , Cl, Br or I. In 
addition  one can in vestiga te  th e effect th at m icrow aves can have on th e reac­
tion  rates. W ith  th e advent o f com binatorial chem istry and th e  need to  carry 
out reactions m uch faster than  h itherto  there is a need  to  o p tim ise  th e labeling  
procedure. Furtherm ore it should be possib le to  com pare a g iven  reaction  under 
therm al and m icrow ave enhanced conditions and quantify th e  rate-enhancing ef­
fect o f m icrow aves and also in vestigate  w hether any new  m ech an istic  contributions 
com e in to  play. It is for th ese com bination  o f reasons th at th e  current stu d y  was 
undertaken. A list o f com pounds stud ied  is given  in Table 3.2.
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3 . 3  E x p e r i m e n t a l
M ater ia ls
T h e com pounds (F igure 3.3 and Table 3.2) were available com m ercially  and were 
used after their purities had been  checked. T his was done using a range o f tech ­
niques - nm r, gc and tic.
X NO. NO,
(14) Cl" (15) F (16)
^  / /  NS / /  
X(17)
COOH COOH COOH COOH
Ci" (18) Br (19) f  (20) F (21)
F igure 3.3: C om p ou n d s u sed  in  th e  d eh a lo g en a tio n  stu d ies
C om pound
N um ber 14 15 16 17 18 19 20 21
a Cl o-C l o-F Cl O-Cl o-Br o-I o-F
b Br m -C l m -F Br m -C l m -B r m -I m -F
c I p-C l p-F I p-C l p-Br p - i p-F
d F F
T a b le  3 .2 : C o m p o u n d s  in v e s t ig a te d
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M ic ro w a v e  D e h a lo g e n a t io n  P ro c e d u re s
T h e relevant quantities used are given  in Table 3.3. A typ ica l reaction  w ould be  
conducted  as follows:
To a 5m l reaction  v ia l P d /C  (10%, 3m g) was added follow ed by d euteriated  p otas­
sium  form ate (lOOmg) and D 2O (300/di).The halogenated  substrate (15m g) was 
placed  in  a 25m l pear shaped  flask before transferring th e  ca ta ly st/fo rm a te /w a ter  
m ixtu re , follow ed by DM SO  (600/.d). T he flask was frozen in  liqu id  nitrogen and 
evacuated  through a sep tu m  in th e stopper. T he flask was th en  allowed to reach  
room  tem perature before being inserted  in a sm all beaker contain ing verm icn lite  
to  m in im ise th e danger caused by an explosion. T he beaker was th en  p laced in  th e  
m icrow ave cavity  o f th e  instrum ent. A second beaker contain ing 40 m l o f water 
was also p laced in  th e  m icrow ave cavity  as a secondary absorbent and heating ini­
tia ted  using th e  low est (20%) power setting . Ten 2 m in ute periods were com m only  
u sed  for heating  th e  reaction  m ixture; betw een  th e h eatin g  intervals th e  v ia l was 
cooled  in a beaker o f water. A fter th e reaction  was com pleted  and th e  vessel cooled  
th e contents were extracted  in to  d ichlorom ethane (5m l) and w ashed w ith  w ater (2 
x 5m l). T h e organic layer was th en  separated  and dried over anhydrous N a 2 S 0 4 
before rem oving th e solvent by passing a stream  of N 2 gas over th e  surface of th e  
solution . T h e product was th en  taken up in  CH2CI2/C D 2CI2 prior to  1H nm r / 2H 
nm r (1H decoupled) analysis.
T h erm a l D eh a lo g en a tio n  P ro ced u re
T h e relevant quantities used  are given  in Table 3.4. A typ ica l reaction  w ould be  
conducted  as follows:
To a thick w alled glass tu b e was added th e ca ta ly st/fo rm a te /w a ter  m ixtu re as 
described in  th e  m icrow ave procedure. T h e halogenated  substrate and D M SO  
(600/il) were than  added. T h e tu b e was cooled  in liquid N 2, evacuated  and sealed  
before being allow ed to  return to  room  tem perature. T he tu b e  was then  placed in  
an oil b ath  at th e  required tem perature for a pre-determ ined tim e. On com pletion
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of th e  reaction  th e  tu b e was cooled  once again in liquid N 2 and then  opened. 
T h e reaction  m ixtu re was th en  taken up in d ichlorom ethane (10m l) and filtered  
through a ce lite  colum n (0 .5cm ). T he solution  was then  w ashed w ith  w ater (3 x  
10m l). D ich lorom ethane (5m l) was added and th e organic layer was separated and  
dried over anhydrous N a2S 04  and th e  solvent rem oved by passing N 2 gas over its  
surface. T h e product was th en  taken  up in  CH 2C12 prior to  nm r analysis.
1H  and 2H  nm r (1H  d ecou p led ) S p ectra l A n a lysis
T he nm r analyses were perform ed as exp lained  in C hapter 2. 2H nm r (1H decou­
pled) spectra o f th e  product and 1H nm r spectra o f b oth  th e  starting  m aterial 
and product were collected  - however th e 1H nm r spectra o f th e  product was often  
unclear as it contained  residual starting  m aterial.
R ea ctio n  D eta ils
Substrate C atalyst
10% P d /C (m g)
[DCOOK]
(m g)
[D20 ]
(m l)
[DMSO]
(m l)
H eating  
T im e (m ins)N um ber (m g)
14 (a-d) 15 3 100 300 600 10 x  2
15 (a-c) 15 3 100 300 600 10 x  2
16 (a-c) 15 3 100 300 600 10 x  2
17 (a-d) 15 3 100 300 600 1 x 2  
2 x 2  
3 x 2  
4 x 2  
5 x 2  
10 x  2
18-21 (a-c) 10-15 5 75 300 600 10 x  2
T a b le  3 .3 : M ic ro w a v e -e n h a n c e d  d e h a lo g e n a t io n  e x p e r im e n ts
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Substrate C atalyst
10% P d/C (m g)
[DCOOK]
(m g)
[D20 ]
(m l)
[DMSO]
(m l)
H eating
T im eN um ber (m g)
17a 15 3 100 300 600 7d
17b 15 3 100 300 600 lOh
17c 15 3 100 300 600 6h
17d 15 3 100 300 600 14d
18 (a-c) 10-15 5 75 300 600 14d
19 (a-c) 10-15 5 75 300 600 14d
T able 3.4: T h erm al d eh a log en a tio n  ex p er im en ts
E xperim ent
N um ber
D euterium  Source D euteriation
A chievedD C O O - H CO O " D 20 d 2o
1 y/ - - - m in im al
2 - V none
3 V - - V yes
4 - y/ j - none
T able 3.5: M icrow ave-en h anced  dech lor in ation  o f ch lorob en zen e - 
d eu ter iu m  donor ex p er im en t
3.4 Results
T he results are sum m arised  in Tables 3.6.
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Compound Conditions NMR Spectrum 
Ref.Microwave-Enhanced Thermal
14a fa  ( 1 0  x 2  mins) Figure 3.5
14b fa  ( 1 0  x 2  mins)
14c fa  ( 1 0  x 2  mins)
14d X ( 1 0  x 2  mins)
15a fa  ( 1 0  x 2  mins)
15b fa  ( 1 0  x 2  mins)
15c fa  ( 1 0  x 2  mins) Figure 3.6
16a X ( 1 0  x 2  mins)
16b X (10 x 2 mins)
16c X (10 x 2 mins)
17a X (10 x 2 mins) X (120°C/7d)
17b fa  ( 1 0  x 2  mins) fa  (1 2 0 °C /8 - 1 0 h) Figure 3.7
17c fa  ( 1 0  x 2  mins) fa  (120°C/3”6h)
17d X ( 1 0  x 2  mins) X (120°C/7d)
18a X (10 x 2 mins) X (150°C/14d)
18b X ( 1 0  x 2  mins) X (150°C/14d)
18c X (10 x 2  mins) X (150°C/14d)
19a fa  ( 1 0  x 2  mins) X (150°C/14d)
19b fa  ( 1 0  x 2  mins) X (150°C/14d)
19c fa  ( 1 0  x 2  mins) X (150°C/14d) Figure 3.8
2 0 a fa  ( 1 0  x 2  mins)
2 0 b fa  ( 1 0  x 2  mins)
. 2 0 c fa  ( 1 0  x 2  mins)
2 1 a X ( 1 0  x 2  mins) X (150°C/14d)
2 1 b X (10 x 2  mins) X (150°C/14d)
2 1 c X (10 x 2  mins) X (150°C/14d)
T ab le  3.6: R e su lts  o f  m icrow ave-enh an ced  and  th erm a l d eh a logen ation  
ex p er im en ts  fa su ccessfu l la b e lin g , X  u n su ccessfu l lab elin g
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3 . 5  D i s c u s s i o n
T h e results (T able 3.6 and Figures 3 .5 -3 .8 ) show th at m icrow ave-enhanced de- 
h alogenations o f com pounds 14a (F igure 3 .5 ), 14b and 14c occur very readily, but 
th a t no success was achieved w ith  fluorobenzene (14d). T his p attern  o f behaviour  
was seen again w ith  com pounds 15a, 15b, 15c (all successful) and 16a, 16b, 16c 
(all unsuccessfu l). In using th ese  n itrobenzenes, it had been  th ou ght that th e N 0 2 
functionality , an electron  w ithdraw ing group, w ould create loca lised  areas o f pos­
itiv e  charge at th e  ortho and para p ositions (Figure 3.4) m aking dehalogenation  
m ore favourable. H owever th e effect was still insufficient to  allow  defluorination.
F igure 3.4: R eso n a n ce  effects in n itro -b en zen e
In th e b iphenyl com pounds where on ly  th e iodo (17b) and brom o (17c) com pounds  
undergo dehalogenation  we have been able to  carry out b o th  th e  m icrow ave en­
hanced  and therm al reactions. W h ilst th ese  two com pounds undergo dehalogena­
tion  under b oth  sets o f conditions th e saving in tim e by using th e  m icrow ave is 
enorm ous (20 m inutes com pared to  10 hours). Indeed in som e other cases (e.g. 
19a, 19b, 19c) we w itness th e u ltim a te  difference - th e  m icrow ave enhanced reac­
tions can be achieved in less th an  30 m in utes, w hilst no reaction  took  p lace under 
th e therm al conditions d esp ite  heating  at 150°C for 2 weeks.
T h e present stud ies have been  carried out w ith  relatively  sim p le instru m en tation  
and th e  findings, w h ilst inform ative, are less q uan tita tive th an  w e w ould like. It 
m ay w ell be th a t w ith  th e com m ercial in stru m en tation  now becom ing available  
th a t b etter  perform ance can be achieved for th e  dehalogenation  reactions, thereby  
m aking it p ossib le to  d euteriate a w ider range o f com pounds by th is m ethod.
H aving achieved successful, and rapid, dehalogenation  in a large num ber o f cases 
there was th e  opportunity  to  carry out further experim ents to d eterm ine th e  re­
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action  m echanism . F irstly, there was th e  need to  rule ou t th e  possib ility  th at  
d euteriation  had been  achieved by hydrogen iso top e exchange in  th e product. 
C om pounds 14 (a-d) were replaced by benzene and under th e sam e experim ental 
cond itions no deuterium  incorporation  took  place.
Secondly there was an opportunity  o f varying th e deuterium  donor and for th is  
reason a num ber o f m icrow ave-enhanced experim ents usin g  chlorobenzene as a 
su bstrate were perform ed. T he results (Table 3.5) show th a t deuterium  incorpo­
ration  originates from  the form ate and for best results w ater is also required as 
th is  aids w ith  so lub ility  o f th e  form ate. T he exchange betw een form ate and w ater 
is slow  by com parison to  th e d ehalogenation  reaction.
In th e experim ents 2H nm r spectroscopy was used to  show  w hether deuterium  had  
been  incorporated  in the product. T he 2H nm r (1H decoupled) spectrum  consisted  
of sing lets som ew hat broader th an  th e corresponding 3H nm r signals because o f the  
differing nuclear sp ins (2H, spin  1 and 3H, sp in  | ) .  T he % deuterium  incorporation  
was n ot calcu lated , as overlapping o f th e  signals from th e unchanged reactant and  
th e product in th e 1H nmr spectrum  of th e product w ould have introduced too  
significant an error. Furtherm ore th e focus o f th is work after all w as to  see w hether  
th e relevant halogen  had been replaced w ith  deuterium . It w ill be for subsequent 
workers to  op tim ise th e % deuterium  incorporation.
W h ilst th e present investigation  falls far short o f a fu ll m echanistic stu d y  it 
can be confirm ed th a t the large acceleration  in rates w itn essed  for microwave- 
enhanced hydrogenations using solid  form ate donors have their counterparts in  
th e m icrow ave-enhanced d ehalogenation  o f a num ber o f arom atic com pounds. 
It can also be confirm ed th a t th e ease o f dehalogentaion  increases in th e order 
F < C l< B r < I ,  paralleling the strength  o f the C -X  bonds.
D eu teria ted  p otassium  form ate is a very good  deuterium  donor and th e presence 
of w ater in th e reaction  m edium  assists the process. T here is no evidence th a t th e  
m icrowaves serve any other purpose beyond th a t o f being  a very good  source of 
energy and th a t th e m echanism s of b o th  th e m icrow ave-enhanced and therm ally
55
in itia ted  are th e sam e. T his m echanism  probably involves th e decom position  o f  
th e deuteriated  form ate, followed by halide removal:
DCOO~K+ -F COO~ +  D'K+
D~K+ F X - A R - f K X f DAr
T hese aspects deserve further stu d y  and have now been m ade possib le by the  
arrival o f a com m ercial m icrowave instrum ent (Prolabo Synthew ave 402) where it 
w ill be p ossib le to  control th e tem perature o f th e reaction.
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3 . 6  A p p e n d i x
N M R  C h lo r o b e n z e n e  ( C D 2C12) : 8 7 .45-7 .40  (5H , m , arom atic)
1H  N M R  p  — C h lo r o  n it r o b e n z e n e  ( C D 2C12) : 8 8 .2 7 -7 .6 8  (4H , d d, arom atic  
J 8 .9 + 6 1 .9  Hz)
■^H N M R  2 — B r o m o b ip h e n y l  ( C D 2C12) : 8 7.93 (IH , d, arom atic J 7.8 H z), 
7 .45 -7 .18  (7H , m , arom atic), 7.03 (IH , d, arom atic J 7.8 H z)
1H  N M R  p — B r o m o  b e n z o ic  a c id  ( C D 2C12) : 8 7 .95 -7 .80  (4H , d d, arom atic  
J 8 .4 + 5 8 .9  H z)
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H nmr spectmm of chlorobenzene (CD2C12)
H nmr ( H decoupled) spectrum of [ H ] - benzene (CE^Cy
H mnr spectrum of the product of the dechlorination of chlorobenzene (CDjpl^
Figure 3.5: N M R  spectra  from the chlorobenzene experim ents
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!H nmr spectrum of p-chloro nitrobenzene (CD2C12 )
2H nmr (]H decoupled) of [p~2H] - nitrobenzene (CH2C12)
nmr spectrum of the product of the dechlorination of p- chloro nitrobenzene
Figure 3.6: N M R spectra  from the p-chloro nitrobenzene experim ents
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JH nmr spectrum of 2-bromobiphenyl (CD3OD)
— ]--------1--------1--------1--------1--------t--------i------- 1--------1--------(--------1--------1--------1--------r------- 1--------1--------1--------r--------- .------ «--------J
10 8 6 4 2 PPM
2H nmr (fH decpoupled) spectrum of the product of the debromination of
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XH nmr spectrum of p-bromo benzoic acid (CD3COCI®)
-i i i i j — I-------1-------1------ 1------ 1------ 1------ 1------ 1------ 1------ 1-------1------ j------ 1------ 1-------1------
10 8 6 4 2 PPM
2H nmr (!H decoupled) spectrum of [p-2H] benzoic acid (C^COCHQ
i  1 ' > 1----- 1-----'— ------ 1----- >----- <----- >----- 1----- '----- '------'------1----- '----- 1----- 1----- r-
10 8 6 4 2 PPM
F igu re 3.8: N M R  sp ec tra  from  th e  p -brom o b en zo ic  acid  ex p er im en ts
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4 . 1  I n t r o d u c t i o n
R aney nickel, alongside th e  less w ell known R aney copper and cobalt, are cata­
ly sts  th a t have been  em ployed  for hydrogen isotope exchange and hydrogenation  
reactions since th e  early 20th century [1]. R aney nickel was p aten ted  as a cata lyst 
by M urray R aney in the U SA  in 1927 [2]. A lthough  it is sold  as an alloy contain­
ing approxim ately  equal w eights o f nickel and alum inium  to  g ive a general form ula  
N iA l2, th e  cata lyst is actually  a m ixtu re of 4 n ick el/a lu m in iu m  alloys (N i3A l, N iA l, 
N i2A l3 and N iA l3) [3].
R aney nickel cata lysts have structural characteristics sim ilar to  th ose o f a single  
crystal [4]. B y  leaching th e alum inium  out o f th e N i/A l alloy by hydrolysis w ith  
water or reaction  w ith  alkali or acid (usually  alkali) the R aney nickel survives as 
a coarse surface structure which contributes to  th e large ca ta ly tic  surface area 
contain ing m icro and m acropores. A fter thorough w ashing, th e  cata lyst is usually  
stored under water or som e other liquid such as ethanol. A s th e  nickel is not 
readily suspended in solution , th e am ount o f nickel required for a given  reaction  
is greater than  for th e  corresponding reaction  using K ielsguhr cata lyst.
T h e ca ta ly tic  ab ility  o f R aney nickel is influenced by particle  size d istribution , 
surface area and a lum inium  levels [5]. T hese factors are in turn influenced by th e  
w ay in  w hich  th e ca ta lyst is prepared. T he ty p e  o f alkali [6], alkali concentration , 
tem perature and duration o f leaching o f th e alum inium  and th e  w ashing agent [7] 
influence th e cata lyst preparation. It has also been  p ossib le to  increase the cat­
a ly tic  a ctiv ity  o f th e  R aney nickel by addition  o f prom oter species like titan iu m  
and chrom ium  [4]. A deta iled  stu d y  o f th e  physical form ation  o f th e cata lyst has 
b een  undertaken by Fasm an et al [8].
D ue to  th e m any factors involved  in th e  preparation o f R aney nickel it is not 
surprising th at the reproducib ility  o f reactions is som etim es difficult. It is also 
known th at th e  age o f th e  cata lyst and th e  rate o f ag itation  [9] during experim ents  
can have an effect on th e rate o f exchange. R aney nickel can be stored  for up to  4
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weeks [10], b lit th e b est results are observed w hen using fresh ly prepared sam ples.
A recent paper by Yau and Gawrisch [11] showed that b o th  indole (2 3 ) and N- 
m eth y l indole (2 2 ) could be deuteriated  w ith  excellen t iso top ic  incorporation w hen  
using R aney nickel as the cata lyst. It was also shown th at th e  ex ten t o f labeling  
at various p ositions could b e varied as a result of changing th e  solvent. F igure 4.1 
shows th e 2H nm r (1II decoupled) o f th e  products o f th e  exchange reactions of 
N -m eth y l indole in various solvents. T his had been  n oted  before by Cioffi during 
his work on hydrogen isotop e exchange o f m onosaccharides [12].
T h e only drawback to th ese  studies was th at th e reported reaction  tim es were long  
- o f th e order o f 1 week at 40° C. If th e  reaction  tim es could be greatly  reduced by  
th e  use o f m icrow aves, th e  a ttraction  of th is procedure w ould be m uch enhanced. 
W e therefore in itia ted  stud ies (a) to  see w hether th e results o f Yau and Gawrisch  
could be reproduced and (b) if  so, w hether th e  reaction could be greatly  accelerated  
by using m icrowaves.
68
F igure 4.1: P ro d u ct 2H  nm r (XH  d ecou p led ) o f  N -M eth y l 
In d o lesh ow in g  th e  effect o f so lven t varia tion  on th erm a l hydrogen  
iso to p e  exch an ge lab elin g  w ith  R an ey  n ickel c a ta ly st  [11]
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4 . 2  E x p e r i m e n t a l
4.2.1 Preparation of Sodium Deuteroxide
For th e  proposed d euteriation  stu d y it is necessary to  prepare th e  cata lyst using  
sod ium  deuteroxide (N aO D ). T oluene (50m l) was p laced in  a round b o tto m  flask  
(100m l) and stirred m agnetically . Sodium  m eta l ( lg )  was cut in to  10-12 p ieces 
and stored under paraffin. A p iece o f sod ium  m eta l was added to  th e to luene, 
follow ed by a few  drops o f D 20 .  W hen th e effervescing o f th e  sod ium  m eta l ceased  
m ore D 20  was added and w hen th e  sod ium  m eta l had com p letely  reacted  a further 
portion  was added. T his process was repeated  at intervals u ntil all th e sodium  
had reacted.
O nce prepared th e sod ium  deuteroxide appeared as a v iscous aqueous layer below  
th e  to lu en e in th e  round b o tto m  flask. It was rem oved using a glass p ip ette  into  
a second round b o tto m  flask (25m l), w hich was placed on a freeze drier for 8 hrs 
in  order to  rem ove excess D 20 .  On com pletion  a h igh ly  v iscous liquid rem ained  
which was used in th e  preparation o f th e cata lyst.
4.2.2 Deuteriation of Raney nickel
T h e sod ium  deuteroxide solution  was cooled to  0°C using an ice bath . T he R aney  
nickel (2g slurry in  H20 )  was washed w ith  D 20  (5 x  5m l) to  rem ove as m uch H 20  
as possib le. T he R aney nickel was slow ly added to  th e sod ium  deuteroxide solution  
and allow ed to  cool. T he m ixtu re was transferred to  an oil b ath  and heated  to  
100° C; th e  heating  was continued until evolution  of hydrogen gas ceased. T he  
solvent was th en  filtered off and th e  cata lyst was washed w ith  D 20  until th e  
solution  pH reached 7. T he ca ta lyst was stored under a d eu teriated  solvent such  
as D 20  or CDCI3 until required.
T his m eth od  o f cata lyst preparation was very tim e consum ing, 3-4 days in tota l.
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O ther m eth ods were investigated  in  order to  try  and shorten  th e  procedure, but 
none gave th e excellen t results th at were obtained  by using th e  above procedure.
4.2.3 Thermal Experiments
T h e therm al reactions o f Yau and Gawrisch [11] were repeated  to  confirm  th at we 
were preparing th e cata lyst and running th e reactions in th e  correct m anner prior 
to  starting  our m icrow ave studies. T h e general m eth od  o f ca ta lyst preparation  
was as given  in  Section  4.2.2; th e  deuteriated  solvents used  in  our reactions were 
D 20 ,  CDCI3, C D 3C O C D 3 and C D 3O D, ind ividual reaction  ca ta lysts  being stored  
under th e relevant solvent from  production  until use.
Indole or N -m eth y l indole (0.4 m m ol, 4 7 /5 2 m g ) was p laced in a pear shaped flask  
(25m l) and m ixed  w ith  deuteriated  R aney nickel slurry ( «  2m l) and 1.5m l of 
deuteriated  solvent to  m atch  th at o f th e R aney nickel slurry. T he pear shaped  
flask was sealed  using a stopper w hich incorporated a sep tu m . T h e reaction  vessel 
was p laced  in liqu id  nitrogen so th at its  contents were frozen and th e vessel was 
evacuated  using a h ypoderm ic n eed le a ttached  to a rotary pum p. T he reaction  
vessel was allow ed to  return to  room  tem perature and th en  p laced  in an oil bath  
at 40° C for 1 week.
A t th e  end o f th e  reaction  period th e vessel was rem oved from  th e  oil bath  and  
allow ed to  cool. T he R aney nickel was filtered off and w ashed w ith  petroleum  
ether 4 0 -6 0  (2 x  10m l) and w ater (3 x  5m l). T he w ashing w ith  petroleum  ether  
was a slow process at th e  end o f w hich a sm all am ount o f ind ole (no problem  
arose w ith  N -m eth y l indole, a liqu id) had crystallised  out on th e  surface o f th e  
filter paper and required w ashing through w ith  sm all portions o f acetone. A fter  
filtration  was com plete  it was necessary to subm erge th e filter paper under water 
as R aney nickel can becom e hot in th e  presence of N 2(fl) and th e com bination  of  
th is and th e  acetone soaked filter paper represented a fire hazard.
All the washings were collected in a separating funnel and the aqueous layer re-
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m oved. T he organic layer was then  w ashed w ith  w ater (2 x  5m l). T he organic 
layer was th en  separated  and th e solvent rem oved in  a stream  o f n itrogen gas. In 
th e  case of 1H nm r stud ies th e product was taken up in acetone, w h ilst for 2H nm r 
( 1H decoupled) stud ies acetone-d6 was used  as the solvent.
4.2.4 Microwave Experiments
For safety  considerations th e  quantities o f substrate, ca ta lyst and solvent were 
reduced from th e levels em ployed  under therm al conditions (S ection  4 .2 .3). Indole  
and N -m eth y l indole (0.23 m m ol, 2 7 /3 0  m g) were m ixed  w ith  deuteriated  R aney  
nickel slurry (1 .5m l) and deuteriated  solvent (0 .5m l). T he reaction  vessel was 
sealed  and evacuated  as described for th e therm al experim ents.
H eating was perform ed in th e m icrow ave (M atsui M 167 B T ) on th e 20% power 
settin g  in 2 m in ute pulses. A longside th e  reaction vessel p laced  in a beaker o f ver- 
m icu lite , was a beaker (50m l) contain ing water (40m l) as a secondary absorbent. 
A fter each 2 m in ute pulse th e reaction  m ixtu re was allowed to  cool and th e water  
used as th e  secondary absorbent was replenished.
T he to ta l heating tim es for th e reactions varied. For w ater and acetone 20 m inutes  
to ta l heating tim e  could b e achieved but for m ethanol and chloroform  th e  reaction  
tim es were greatly  reduced due to  evaporation o f th e solvent. T he evaporation  
caused a build  up in  pressure inside th e  reaction  vessel w hich  w ould leave th e  
reaction  m ixtu re dry and vu lnerable to  charring. A fter th e  h eatin g  th e reaction  
products were recovered for nm r analysis as described for th e  therm al experim ents  
(Section  4 .2 .3).
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4.2.5 nmr and 2H nmr (^H decoupled) Spectral Analy­
sis
T he sam ples for nm r stu d y were prepared and analysed  as described in Sec­
tion  2.2.3. For all o f th e experim ents excep t those conducted  in  D 20  th e ex ten t of 
labeling  at different p ositions in th e  product was calcu lated  using th e  peak in te­
grations from  th e  1H nm r of th e product. W ith  CDCI3, C D 3C O C D 3 and C D 3OD 
(not C D 3OD th erm ally) at least 1 position  in th e product rem ained  unexchanged  
and th is could be used  as a reference (0% labeling) for th e calcu lations.
For D 20  (and C D 3OD under therm al conditions) all position s underw ent ex­
change. For th ese experim ents a set of sim ultaneous equations using th e  peak  
in tegrations from  b oth  th e  1H nm r and 2H nm r (1H decoupled) spectra  of th e  
products had to  be em ployed  to calcu late th e exten t o f labeling.
4.3 Results and Discussion
A representitive num ber o f XH nm r and 2H nm r (XH decoupled) spectra  are pre­
sented  in th e  A p p en dix  to  th is chapter. F igure 4.2 represents th e  results from  th e  
experim ent em ploying D 20  as th e  deuterium  source and Figure 4.3 th e  reactions 
em ploying  CDCI3. It was custom ary practice, as exp lained  previously, to  run the  
1II nm r spectrum  of th e  com pound before, and after, th e deu teriation  experim ent 
and to  ca lcu late th e  % d euteriation  at each site  from  th e  decrease in the appro­
priate in tegral(s). T he results were th en  su bstan tiated  by obta in ing  th e  2H nm r 
(XH decoupled) spectrum . T he % deuteriation  values are probably accurate to  
w ith in  ±  5%, although  th e  uncertainty  m ay b e larger than  th is w hen th e level of 
incorporation o f deuterium  is low  ( < 20%).
T he results g iven  in  T able 4.1 for N -m eth y l indole (2 2 ) enab le a com parison of 
th ese  findings w ith  th ose obta ined  by Yau and Gawrisch under th e  sam e therm al 
cond itions using D 20  as th e reaction  solvent.
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T h e pattern  o f labeling is sim ilar although there are differences in  th e  % deuterium  
incorporation  o f each site . T his im plies th a t equilibrium  had not yet been  reached  
under th e therm al conditions that were used. W hat is ex trem ely  gratifying is 
th e  very high isotop ic incorporation at so m any sites leaving open  th e possib il­
ity  th at a second repeat deuteriation  could lead to  a s itu a tion  in  w hich  all sites  
were com pletely  deuteriated . T his very desirable o b jective  could however b e b est  
achieved under th e m icrow ave enhanced conditions as th e  resu lts show th at what 
was achieved in 1 week can now be accom plished  in a m atter  o f m inutes. W hilst 
once again there are differences in th e  deuterium  incorporation  at th e  various sites  
no great significance can b e a ttached  to  th ese  u ntil such tim e  as th e experim ents 
can be perform ed in a m ore q u an tita tive  m anner e.g. w hen th e  tem perature can  
b e accurately controlled.
A nother in teresting  feature o f th e  results is th e variation in  th e  pattern  o f deu­
teriation  (T able 4.2) as a function  o f th e  different deuterium  sources used. D 20 ,  
C D 3C O C D 3, C D 3OD and CDCI3, like their hydrogen contain ing counterparts, are 
all so lvents th at respond to  m icrow ave heating , but for safety  reasons th e  last two  
can on ly  be used in very sm all quantities, typ ica lly  less than  1m l.
E ven under th e  rela tively  m ild  conditions used  in th e present investigation , consid­
erable evaporation  o f th e  m ore vo latile  solvents had taken p lace during the short 
reaction  tim es; th e la tter are given  in Table 4.3
It w ould appear from  th e  results for N -m eth y l indole d euteriation  th at D 20  is th e  
best o f th e  m icrow ave solvents used  - o f th e 7 p oten tia l sites for exchange 5 have 
been  d euteriated  to  greater than  50% - w h ilst CDCI3 is th e  p oorest, but w ith  the  
greatest specificity.
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P osition D euterium  Incorporation (%) per site
R esu lts of Yau  
and Gawrisch
Present S tudy
T herm al T herm al M icrow ave-Enhanced
1 88 86 54
2 * 80f 79f
3 89 80 66
4 86 91 18
5 76 64 2
6 * 80f 79f
7 17 25 91
* D ue to  th ese tw o deuterium  signals being very close in th e  nm r spectrum  
Yau and Gawrisch did not give values for th e level o f labelin g  here, 
f  A verage value for labeling from  positions 2 +  6 where th e  chem ical 
shifts can not b e d istinguished  in th e 2H nm r (1H decoupled) spectrum
T able 4.1: D eu ter ia tio n  resu lts  for N -m e th y l in d o le  u n der b o th  
th erm a l and m icrow ave-enh an ced  con d itio n s in  D 20
In th e  event o f th ese stud ies being taken  further it w ould b e in teresting  to see (a) 
how reproducible are th e findings at given  tem peratures, (b) w hat benefits would  
em erge if  e.g. D 20  was used at a series o f tem peratures and (c) w hat pattern  of 
labeling  would em erge w hen using a series o f structurally  sim ilar com pounds.
T he results for indole (2 3 )  are presented  in Table 4.5. A representative num ­
ber of 1H nm r and 2H nm r (XH decoupled) spectra are given  in  th e  A ppendix. 
Figure 4 .4  shows th e nm r spectra from  th e experim ent using C D 3C O C D 3 as a
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P osition Solvent
d 2o C D 3C O C D 3 C D 3OD CDCI3
1 (M e) 54(100) 54(0) 86 (88) 65(0)
2 +  6 79(0) 59(94) 15(0)
3 66(89) 54(76) 12(89) 89(76)
4 18(86) 7(86)
5 2(76) 10(76)
7 91(17) 0(17)
Figures in brackets % labeling from thermal reactions
T able 4.2: E x ten t o f d eu ter ia tio n  (%)  at d ifferent s ite s  for N -m e th y l  
in d o le  u sing  d ifferent so lv en ts  under m icrow ave con d itio n s
Solvent R eaction  T im e (m ins)
D 20 10 x  2
C D 3C O C D 3 10 x  2
CD 3OD 1 x  2
CDCI3 3 x 2
T able 4.3: M icrow ave h ea tin g  tim e s  (20% pow er) for d ifferent 
d eu ter ia ted  so lv en ts  (N -m e th y l in d o le  as su b stra te )
deuterium  source and F igure 4.5 for th e experim ent em ployin g  C D 30 D . T he m i­
crowave heating  tim es in th e different solvents are sum m arised  in  Table 4.4. T he  
d euteriation  results are sum m arized  in Table 4.5.
N o incorporation  for th e  N -H  hydrogen is given  as th is is a very labile p osition  
w ith  th e labeling being lost at th e end of th e  experim ent w hen  th e  com pound is 
washed w ith  w ater and dried.
T he results show th at once again D 20  is th e best m icrow ave solvent w ith  good to  
high d euteriation  incorporation  being achieved in all six  p osition s. T he sam e is 
true for th e  corresponding therm al reaction. W ith  C D 3C 0 C D 3 as solvent we see
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Solvent R eaction  T im e (m ins)
d 2o 1 0 x 2
C D 3C O C D 3 10 x 2
CD 3OD 4 x 2
CDCI3 5 x 2
T able 4.4: M icrow ave h ea tin g  t im e s  (20% pow er) for d eu ter ia ted  
so lven ts (in d o le  as su b stra te )
P osition Solvent
d 2o C D 3C O C D 3 CD3OD CDCI3
2 98(88) 93(72) 96(81)
3 97(75) 93(55) 26(23)
4 36(48) 5(0) 0(25)
5 40(0) 47(0) 0(34)
6 44(97) 0(43)
7 94(100) 80(11) 80(73)
Figures in brackets % labeling from thermal reactions
T able 4.5: E x ten t o f d eu ter ia tio n  (%) at d ifferent s ite s  for in d o le  using  
different so lv en ts  under m icrow ave co n d itio n s
excellen t deuterium  incorporation at p ositions 2 and 7 under m icrow ave conditions 
and th e  sam e is true for CD3OD w ith  th e added benefit o f good  incorporation  at 
position  3. O nce again CDCI3 offers m ore specific deuteriation .
T h e above investigation s, w hilst lim ited  to  only two com pounds, lead  to th e fol­
low ing conclusions.
(a) R aney nickel is an extrem ely  good cata lyst for inducing h ydrogen /d eu teriu m  
exchange in  N -m eth yl indole and indole itse lf  and m ay w ell have m ore w ide rang­
ing applications;
(b) th e m icrow ave enhanced reactions proceed extrem ely  rapid ly  w ith  good deu­
77
teriu m  incorporation  being achieved in a m atter  o f m inutes;
(c) th e  pattern  o f labeling  is influenced by th e nature o f th e  solvent w ith  D 20  
perform ing b est in term s of overall deuterium  incorporation and CDCI3 providing  
the h ighest regiospecificity;
(d) th e  solvents w hich prior to  0111* investigations w ould have been  considered  
as excellen t m icrow ave solvents (C D 3OD and CDCI3) due to  their large d ielec­
tric constants, m ay not prove as useful, as their low boiling p oin ts m ean  that 
th ey  evaporate too  easily. C onversely a solvent like acetone w ith  a sim ilar boiling  
p oin t, b ut a sm aller d ielectric constant m ay prove m ore usefu l as it is not heated  
as rapidly, and therefore w ill not evaporate as easily;
(e ) w ith  new  instru m en tation  becom ing available and providing m ore opportuni­
ties e.g. tem perature control, th e scope for a m ore q u an tita tive  stu d y  which m ight 
throw  light on su bstituent effects, reaction  m echanism s, specific m icrow ave effects 
etc . is greatly  increased. In the m eantim e it is clear th at th e  use o f m icrowaves to  
deuteriate, and by im p lication , tr itia te  com pounds, is ex trem ely  beneficial, leading  
to  considerable tim e  savings.
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4 . 4  A p p e n d i x
A ll 1II nm r sp ectra  were obtained  using C D 3C O C D 3 as solvent and for 2H nmr 
stud ies CH3CO CH 3 was th e solvent. T he chem ical sh ifts and sp littings for N- 
m eth y l indole (T able 4.6) and indole (Table 4.7) together w ith  their assignm ents  
are given  below .
P osition S (ppm )
1 3.8(s)
2 7.2(d)
3 6.4(s)
4 7 .6 (d)
5 7 .0 (t)
6 7.2(d)
7 7.4(d)
T able 4.6: XH  ch em ica l sh ifts  fox' N -m e th y l in d o le  in C D 3 C O C D 3 as
so lven t
P osition 8 (ppm )
2 7.3(d)
3 6.4(s)
4 7.6(d)
5 6 .95 (t)
6 7 .05(t)
7 7 .4 (t)
T able 4.7: XH  ch em ica l sh ifts  for in d o le  in C D 3 C O C D 3 as so lven t
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2H nmr (*H decoupled) spectrum of N-methyl indole after 20 minutes 
microwave-enhanced exchange with D20-Raney nickel (CH3COCH^
with D20  Raney-Nickel (CD3COCD3)
7
2 +< 1
5
3
A cetone TM S
Lu ...... i J L . _______ 1
— 1--------- .--------- 1--------- 1------------ [------ 1--------- 1--------- l----------- 1------ 1---------- 1--------- 1--------- r— ---- ,--------- 1--------- 1----------- 1--------1--------- r— t--------- [—
10 8 6 4 2 PPM
F igure 4.2: N M R  sp ectra  o f N -m e th y l in d o le  as a resu lt o f  
m icrow ave-enh an ced  h yd rogen  iso to p e  exch an ge rea c tio n  u sin g  R a n ey
nickel and D 20
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'EL nmr spectrum of N-methyl indole (CDXOCEQ
3
'N
7 \ i
CH,
Acetone
2H nmr (lH decoupled) spectrum of N-methyl indole after 6 minutes microwave-enhanced 
exchange with CDC13-Raney nickel (CH3 COCH3 )
'H n m r spectrum of N-methyl indole after 6 minutes microwave-enhanced exchange with 
CDC13-Raney nickel (CE^COCq )
Figure 4.3: N M R  spectra  of N -m eth yl indole as a result of 
m icrow ave-enhanced hydrogen isotope exchange reaction using R aney
nickel and CDC13
Acetone
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XH nmr spectrum of indole (CD3COCD3)
2
2H nmr (*H decoupled) spectrum of indole after 20 minutes microwave-enhanced 
exchange with CD3COCD3-Raney nickel (CH3COCH3)
LH nmr spectrum of indole after 20 minutes microwave-enhanced exchange with
-| 1 I I |-----------1-----------1-----------1-----------1-----------1-----------1-----------1-----------1-----------1-----------1-----------1-----------1---------1 -----------,---------- 1---------- ,----
10 8 6 4 2 PPM
F igure 4.4: N M R  sp ectra  o f in d o le  as a resu lt o f m icrow ave-enh an ced  
h yd rogen  iso to p e  exch an ge reaction  u sing  R a n ey  nickel and
C D 3 C O C D 3
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lH nmr spectrum o f indole (CD3COCD3)
2
2H nmr (XH decoupled) spectrum of indole after 20 minutes microwave-enhanced exchange with 
CD3OD-Raney nickel (CE^COCH,)
!H nmr spectrum of indole after 20 minutes microwave-enhanced exchange with 
CD3OD-prepared Raney nickel (CD3COCD3)
4 6
Acetone TMS
w — 1 .. ____ ________
PPM
F igure 4.5: N M R  sp ec tra  o f  in d o le  as a resu lt o f  m icrow ave-enh an ced  
h yd rogen  iso to p e  exch an ge reaction  u sin g  R a n ey  n ickel and C D 3O D
83
1H  N M R  N  — M eth y l In do le  (d6 — a ceton e) : 5 7 .7 5 -7 .5 4  (IH , d, arom atic, 
J 9.3 H z), 7 .40 -7 .37  (IH , d, arom atic, J 9.2 H z), 7 .2 1 -7 .1 4  (2H , m , arom atic),
7 .06-7 .01  (IH , t, arom atic, J 7.9 H z), 6.43 (IH , s, arom atic), 3.82 (3H , s, -C H 3)
XH  N M R  In d o le  (da -  a ceton e) : S 10.18 (IH , s, -N H ) , 7 .7 5 -7 .5 4  (IH , d, aro­
m atic , J 7.7 H z), 7 .42 -7 .39  (IH , d, arom atic, J  8.5 H z), 7 .30 -7 .29  (IH , t, arom atic, 
J 2.8 H z), 7 .10 -6 .97  (2H , d t, arom atic, J 7.9 Hz +  11.4), 6.44 (IH , s, arom atic)
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5 . 1  I n t r o d u c t i o n
W h ilst hydrogenation  o f su itab le precursors w ith  D 2 or T 2 gas in th e  presence of 
ca ta lyst is am ongst th e  m ost w idely  used  m ethods for preparing d eu ter ia ted /tr itia ted  
com pounds it does have as m entioned  previously (T able 1.3) som e serious lim i­
tation s. M ost notab le o f th ese  are th e slow rates o f reaction , w hich  stem  in part 
from  th e  low  so lub ility  o f th ese  gases in  m any solvents. C onsequently w e thought 
th a t if  any b iocom p atib le polym ers were to  be labelled by th is route it w ould be  
b est if  som e prelim inary work were undertaken on m odel com pounds and in the  
process we could op tim ise  th e  reaction  conditions and thereby im prove th e ex istin g  
m ethodology. T he five 12 carbon chain com pounds chosen (2 4  — 2 8 ) all contain  
at least one tr ip le bond.
T he Tri-Sorber unit has th e  advantage th at it has 3 uranium  beds, one of w hich  
can be loaded w ith  D 2, and th at it can b e readily interfaced to  a com puter so 
th at th e rates o f hydrogenation  w ith  D 2 gas can be m easured. In th is way w e can  
in vestigate  th e effect o f substrate structure on th e rates o f reaction . C om plem en­
tary inform ation  can be obtained  from  2H nm r (XH decoupled) stud ies. E ssentially  
there are tw o reaction  pathw ays (F igure 5 .1 ), in th e second o f w hich  th e  ratio of 
alkane to  alkene w ill continue to  increase as th e reaction  proceeds, in contrast to  
th e first [1].
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No Intermediate y  ALKANE 
R C = C R
A  ALKENE
Intermediate
RC“ CR  ►  ALKENE ------- > “ ALKANE
F igure 5.1: F orm ation  o f alkalies from  a lk yn es
In Chapter 3 we showed th at under m icrow ave-enhanced conditions it is possib le to  
stu d y  arom atic dehalogenation  reactions by using a solid h yd rogen /tr itiu m  donor. 
Previous work w ith in  th e  research group [2] has shown th a t cinnam ic acid could  
be hydrogenated  under sim ilar conditions. T he possib ility  therefore arose o f using  
th is approach for the hydrogenation  o f th e  five m odel com pounds.
F in a lly  our a tten tion  was drawn to  th e work of Loupy et. al [3], w ho have shown  
th at it is som etim es possib le to  carry out reactions in th e absence o f a solvent. 
W e therefore carried out som e prelim inary investigations under th ese  experim ental 
conditions.
5.2 Experimental
5.2.1 Tri-Sorber
T h e general procedure for th e operation  o f th e Tri-Sorber has been  described  
previously  (Section  2 .2 .2). W e ran our experim ents on th e  alkynes in a 50:50 
( v /v )  m ixtu re o f to lu en e and ethanol. W ilk inson’s cata lyst was em ployed  as th e  
ca ta lyst and added to th e reaction  m ixtu re as a 300/ri aliquot from  a stock solution  
(133m g in 10m l o f to lu en e /e th a n o l m ixtu re). R eactions were run as described in  
Table 5.1 using deuterium  gas.
At the end of the reaction the flask was removed from the Tri-Sorber. The sol-
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S ubstrate W eight
(m g)
Substrate  
Cone. (M )
Solvent
(/d)
C atalyst
(m g)
C atalyst
C onc.(M )
D euterium  
Gas (m l)
24 3 0.062 300 2 0.014 2.02
25 3 0.062 300 2 0.014 2.02
26 3 0.065 300 2 0.014 2.02
27 3 0.065 300 2 0.014 2.02
28 3 0.054 300 2 0.014 2.02
T able 5.1: E x p er im en ta l con d itio n s for th e  h yd rog en a tio n  o f  
co m p o u n d s N o . 2 4 -2 8  w ith  d eu ter iu m  gas on th e  T ri-Sorber
vent was rem oved using a rotary evaporator and separate portions o f th e  product 
taken up in CHCI3 and CDC13 for 2H nm r (H i decoupled) and 1H nm r studies  
resp ectively  as d iscussed  in  Section  2.2.3.
5.2.2 M icrowave-Enhanced Experim ents
M icrow ave-E n han ced  H y d ro g en a tio n  In T h e P resen ce  o f S o lven t
R eactions were conducted  on all 5 com pounds in an identical m anner. T he general 
procedure follow s and th e  relevant quantities are given  in  Table 5.2. A ll reactions 
were conducted  over 20 (10 x  2) m inutes on th e 20% power settin g . In each case 
D 20  (300/d) and DM SO  (600/d) were used.
T h e substrate was inserted  in a pear shaped flask (25m l) w ith  th e solution  of 
W ilk in son ’s cata lyst. To th is was added deuteriated  p otassium  form ate and deu­
terium  oxide. Finally, D M SO  was added to  th e flask before it  was sealed w ith  a 
stopper th at incorporated  a septum . T h e flask was p laced  in  liquid  n itrogen and  
evacuated , using a hypoderm ic need le attached  to  a rotary pum p.
T h e reaction  m ixtu re was allow ed to  return to  room  tem perature and then  p laced  
in  a beaker surrounded by verm icu lite and then  inserted  in th e  m icrow ave (M at-
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Substrate W eight
(m g)
C oncentration
(M )
C atalyst
(m g)
C oncentration
(103M )
D C O O -K +
(m g)
C oncentration
(M )
24 15 0.103 5.0 6.0 75 0.980
25 15 0.103 5.0 6.0 75 0.980
26 15 0.108 5.0 6.0 75 0.980
27 15 0.108 5.0 6.0 75 0.980
28 15 0.090 5.0 6.0 75 0.980
T able 5.2: E x p er im en ta l con d itio n s for th e  h yd rog en a tio n  o f  
co m p ou n d s N o . 24—28 u nder m icrow ave-enh an ced  con d itio n s
sui M l67 B T ). A beaker contain ing w ater was also p laced in  th e  m icrow ave as a 
secondary absorbent. H eating was conducted  on th e 20% power settin g  for peri­
ods o f 2 m in utes, successive periods being used until th e  to ta l heating  tim e was 
reached. T he reaction  m ixtu re and th e secondary absorbent were b oth  cooled to  
room  tem perature betw een  heating periods.
A t th e end of th e  heating tim e the vessel was rem oved from  th e  m icrow ave oven  
and allowed to  cool. T he product was extracted  into chloroform  (5m l) and w ashed  
w ith  w ater (3 x  5m l). T h e organic layer was extracted  and a second portion of 
chloroform  (5m l) added to  th e aqueous layer, shaken and rem oved. T h e solvent 
was evaporated off under a stream  of nitrogen gas. T he product was dissolved in  
CHCI3 to  obtain  its 2II nm r (1H decoupled) spectrum . T he solvent was evaporated  
and th e  residue dissolved  in  CDC13 to  obtain  its XH nm r spectrum .
A further set o f reactions were conducted  to  explore th e source o f labeling. In the  
in itia l set o f experim ents deuteriated  potassium  form ate was introduced to  the  
reaction  m ixtu re as th e source o f label. D euterium  was also present in th e D 20 .  
T his was included  because of th e  poor solub ility  of th e  form ate salt in D M SO . It 
is therefore possib le that th e deuterium  seen in the reduced products could have  
originated  from  th e w ater. R eactions using a com bination  o f H C O O ” , D C O O “ 
H 20  and D 20  were therefore conducted . Product analysis using 2H nm r (XH de-
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coupled) spectroscopy was used to  ascertain  th e p osition  o f labeling  in  th e product. 
If however hydrogen iso top e exchange occurs betw een th e  form ate and th e water 
th en  litt le  new  inform ation  w ill b e gleaned from  th ese stud ies. T he reactions were 
conducted  as m entioned  previously using th e  quantities given  for 1-dodecyne in  
Table 5.2, w ith  th e relevant isotopes em ployed  given  in Table 5.3. 1-D odecyne was 
em ployed  as th is is the on ly  one o f th e  5 m odel com pounds w hose saturated  prod­
uct g ives 2 different deuterium  signals (5 1.1 +  1.5) in  th e 2H nm r (1H decoupled) 
sp ectru m  o f th e product.
E xperim ent
N um ber
P otassiu m
Form ate
W ater
1 DCO CT d 2o
2 D C O O " h 2o
3 HCOCT d 2o
4 D C O O " -
5 - d 2o
T able 5.3: D eu ter iu m  and h yd rogen  sources for th e  h yd rogen ation  o f
1 -d o d ecy n e
M icrow ave H y d ro g en a tio n  U n d er  S o lven t Free C on d ition s
T h e m icrow ave reactions th at were conducted  under solvent free conditions all used  
alum ina as the solid support. R eaction  conditions were sy stem a tica lly  altered to  
try and m axim ise th e allcane y ield  and deuterium  incorporation. T he relevant 
quantities used in th ese  reactions are given  in Tables 5.4 and 5.5.
T hese reactions were conducted  in th e  follow ing m anner. A lu m ina  was m ixed  
w ith  ca ta lyst in  a p estle  and m ortar and ground u ntil th e m ixtu re contained  
particles o f uniform  size. D euteriated  potassium  form ate was th en  added and th e  
m ixtu re ground once m ore u ntil uniform . F inally  5-dodecyne was added to  th e  
reaction  m ixture. A t th is point th e  m ixtu re was transferred in to  an autom ated
92
E xperim ent
N um ber
A lum ina
(m g)
H CO O K
(m g)
C atalyst T yp e  
and W eight (m g)
5-dodecyne
(m g)
6 775 86 W ilk inson’s, 15 15
7 775 86 Lindlar, 15 15
8 775 86 P d /C  (10% ), 15 15
9 775 86 R hC ls, 15 15
10 775 86 Pre-reduced PtCU, 15 15
T able 5.4: H y d ro g en a tio n  o f 5 -d o d ecy n e  u sing d ifferent ca ta ly sts  in
th e  ab sen ce o f so lven t
m ixin g  m achine to  ensure all com ponents were evenly  d istributed  throughout th e  
reaction  m ixture. T he m ixtu re was th en  transferred to  a pear shaped  flask (10ml) 
and n itrogen gas introduced to  e lim in ate oxygen. Early in our experim entation  
th is was found to  be necessary to  prevent th e  reaction m ix tu re from  burning during  
th e  first 10-20 seconds o f irradiation. A fter 2 m inutes passing n itrogen gas into  
th e reaction  vessel it was ligh tly  stoppered  and p laced in th e  m icrow ave oven. 
H eating was conducted  for 2 m inutes on th e 20% power settin g .
A t th e  end o f th e  heating period  the reaction  sam ple was allow ed to  cool. T he  
m ixtu re was th en  transferred to  filter paper in a funnel and CDCI3 added slow ly  
from  a P asteur p ip ette  so as to  extract th e  product. T he CDCI3 solution  was 
collected  and th e  XH nm r spectrum  run on th is sam ple so as to  determ ine the  
ex ten t o f th e  reaction. T h e various reaction  m ixtu re com ponents were m odified  
in a sy stem a tic  m anner (T able 5.5).
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E xperim ent
N um ber
A lum ina
(m g)
H CO O K
(m g)
R hC l3
(m g)
5-D od ecyne
(m g)
11 1290 86 15 15
12 775 86 15 15
13 689 86 15 15
14 430 86 15 15
15 86 86 15 15
16 775 120 15 15
17 775 75 15 15
18 775 37.5 15 15
19 775 15 15 15
T able 5.5: H yd ro g en a tio n  o f 5 -d o d ecy n e  under m icrow ave-enh an ced  
con d itio n s in  th e  p resen ce o f so lven ts
5.3 Results
5.3.1 Tri-Sorber
T he consum ption  o f deuterium  gas as given  by th e Tri-Sorber d ata  logger was as 
show n in F igure 5.2 and th e first order rate constants, ca lcu lated  from  th e  data, 
are given  in Table 5.6. T he nm r spectra associated  w ith  th ese  reactions are given  
in  Figures 5 .3 -5 .7 ).
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700 -i
0 H------------- 1------------- 1------------- 1------------- 1------------- 1------------- 1------------- 1
0 10000 20000 30000 40000 50000 60000 70000
Time (secs)
F igure 5.2: C on su m p tion  o f d eu ter iu m  gas by m o d el co m p o u n d s 2 4 -2 8  
as m easu red  on th e  T ri-Sorber (at 25°C )
C om pound 104fc
(sec- 1 )
24 5 .0 9 + 0 .1 8
25 4 .7 4 + 0 .3 2
26 1 .97+ 0 .24
27 1 .46+ 0 .24
28 1.45+ 0 .15
T able 5.6: l s< order rate co n sta n ts  for th e  h yd rogen ation  o f com p ou n d s
2 4 -2 8  on th e  T ri-Sorber at 25°C
95
*H nmr spectrum of 1-Dodecyne (CDC13)
Figure 5.3: N M R  spectra  from  th e reduction of 1 -d odecyne w ith  
deuterium  gas on the Tri-Sorber
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2H nmr QH decoupled) spectrum of product of reduction of 5-Dodecyne on the Tri-Sorber
_i i 1---------- ,---------- ,---------- 1---------- ,---------- ,---------- 1---------- 1---------- 1---------- ,---------- 1---------- 1---------- ,-----------i---------- 1---------- 1---------- ,---------- 1---------- 1—
10 8 6 4 2 PPM
F igu re 5.4: N M R  sp ectra  from  th e  red u ction  o f  5 -d o d ecy n e  w ith
d eu ter iu m  gas on th e  T ri-Sorber
97
2H  nmr QH decoupled) spectrum o f  the product o f  the reduction o f  2 ,10-D odecadiyne  
on the Tri-Sorber w ith deuterium gas (CHC®)
nmr spectrum o f  the product o f  the reduction o f  2 ,10-D odecadiyne on the Tri-Sorber
F ig u r e  5 .5 : N M R  s p e c t r a  f r o m  th e  r e d u c t io n  o f  2 ,1 0 -d o d e c a d iy n e  w i t h
d e u te r iu m  gas o n  th e  T r i - S o r b e r
JH nmr spectrum of 3,9-Dodecadiyne (CDCJ)
J b - J
PPM
2H  nmr ( ’H  decoupled) spectrum o f  the product o f  the reduction o f  3 ,9-D odecadiyne  
on the Tri-Sorber w ith deuterium gas (CHC13)
with deuterium gas (C D C y
A A - J L .
n— i— i— i— r
6 4
i  1----1----1----1--- 1
0 PPM
F ig u r e  5 .6 : N M R  s p e c t ra  f r o m  th e  r e d u c t io n  o f  3 ,9 -d o d e c a d iy n e  w i t h
d e u te r iu m  gas o n  th e  T r i - S o r b e r
!H mm- spectrum of 5,7-Dodecadiyne 1,12-diol (CDCy
2H nmi* (*H decoupled) spectrum of the product of the reduction of
5,7-Dodecadiyne 1,12-diol on the Tri-Sorber with deuterium gas (CHCy
nmr spectrum of the product of the reduction of 5,7-Dodecadiyne 1,12-diol on the 
Tri-Sorber with deuterium gas (CDC13)
Figure 5.7: N M R  spectra  from  th e reduction of 5,7—dodecadiyne  
1 ,12-diol w ith  deuterium  gas on th e Tri-Sorber
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5 . 3 . 2  M i c r o w a v e  H y d r o g e n a t i o n  U n d e r  S o l v e n t  C o n d i t i o n s
T here were tw o different types o f experim ents carried out in th e  presence o f D M SO , 
an excellen t m icrow ave solvent. F irstly  th e hydrogenation  o f 1-dodecyne was stud­
ied  using a solid  donor (D C O O “ , H C O O - ) in the presence o f w ater (H 20 ,  D 20 )  
and th e  results o f experim ents 1 -5  (Table 5.3) can b e seen in F igure 5.8; the  
relevant quantities used for th ese  experim ents are as for substrate 24 in Table 5.2.
In th e  second set o f experim ents all 5 o f th e substrates (2 4 -2 8 ) were used. In 
th e tim e available it was not possib le to  op tim ise th e reaction  conditions, and  
th is is reflected in th e  fact th at th e hydrogenations did not proceed to  com pletion  
(see Table 5 .7). F igure 5.9 shows th e nm r spectra obta ined  for th e  5-dodecyne  
experim ent - th e  % dodecene and dodecane was calcu lated  using th e  signals at 5 
=  1.1 and 5.6 in th e 2H nm r (1H decoupled) product spectra  and th e signals at 
S — 0.8 and 2.6 in th e XH nm r product spectra. T he relevant quantities for these  
experim ents are given  in Table 5.2.
C om pound
N um ber
%
ene
%
ane
24 0 80
25 24 12
26 8 0
27 15 45
28 0 2
T able 5.7: P ercen ta g e  alkene and alkane p rod u ct form ed  from  
m icrow ave-enh an ced  h yd rogen ation  o f co m p o u n d s 24—28
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Experiment #  2
-i------ 1------1------ 1------ 1------1------.------1------1------1------1------ 1------1------ 1------1------ 1------1------1------ 1------1------1—
to S 6 4 2 PPM
Experiment #  5
to 8 6 4 2 PPM
Figure 5.8: 2H nm r (1H decoupled) spectra of th e  products obtained  
from  experim ents 1 -5  (Table 5.3)
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1H nmr spectrum of 5-Dodecyne (CDCp
J u
—I—-- 1----  I----- 1----- 1----- 1----- 1----- 1----- 1----- 1----- 1----- 1----- 1----- 1----- 1----- 1----- I-
10 8 6 4  2 PPM
'H nmr (!H decoupled) spectrum o f  the product o f  the m icrowave-enhanced
nmr spectrum o f  the product o f  the m icrowave-enhanced  
hydrogenation o f  5-D odecyne w ith DCO O K  and D20  (CDCIj)
u L i
“I r-10 PPM
m icrow ave-enh an ced  con d itio n s in th e  p resen ce  o f so lven t
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F ig u r e  5 .9 : N M R  s p e c t r a  f r o m  th e  r e d u c t io n  o f  5 -d o d e c y n e  u n d e r
T he results o f th e  m icrow ave experim ents under solvent free cond ition  are brought 
together in  Table 5.8. T he results are presented  as th e % of th e  alkene and alkane 
in  the product. T hese results were calcu lated  from  peak integrals in  th e 1H nm r 
sp ectra  o f th e reaction  products. In the A ppendix to  th is chapter an exam ple of 
th e calcu lations perform ed are given  for experim ent 13.
5 . 3 . 3  M i c r o w a v e  H y d r o g e n a t i o n  U n d e r  S o l v e n t  F r e e  C o n ­
d i t i o n s
E xperim ent
N um ber
%
ene
%
ane
6 13 14
7 11 38
8 2 8
9 32 35
10 9 6
11 1 7
12 34 34
13 30 36
14 24 22
15 8 8
16 5 37
17 4 7
18 33 33
19 3 16
T able 5.8: R esu lts  o f th e  m icrow ave-enh an ced  h y d rogen ation  o f  
5-d o d ecy n e  in th e  ab sen ce o f so lven t
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5.4 Discussion
The advantages of the Tri-Sorber unit over a conventional gas line are immediately 
apparent from the results obtained for the hydrogenation reactions. Interfacing to 
a computer allows the pressure change as a function of tim e to be recorded and 
the data is easily converted to a 1st order rate constant. The half-lives of several 
of these reactions are in excess of 2 hrs, which is typical of many hydrogenation 
reactions and it is in these circumstances that the ability to re-absorb excess gas, 
be it D2, H2 or particularly T 2 is very useful.
The 1st order rate constants for the 5 compounds studied fall into two groups 
reflecting the presence of one triple bond (compounds 24, 25) and two triple bonds 
(26, 27, 28). Assuming a statistical factor of 2 the differences between them become 
much smaller. Whilst some of the rate constants are quoted to =b 3% in most cases 
the values are ±  7-15%.
The XH nmr of the reaction products (see Figures 5.3 and 5.7) show that hy­
drogenation with D2 gas has nearly gone to completion in each case and this is 
confirmed by the rather broad singlet obtained in the 2H nmr (XH decoupled) 
spectra.
When the hydrogenation reactions are performed under microwave irradiation 
and in the presence of a solvent the reactions proceed much more rapidly, but the 
evidence of the present experiments would seem to suggest (Table 5.7) that in no 
case is hydrogenation complete, the most satisfactory results being obtained for
1-dodecyne. When the choice of deuterium donor is varied it is clear that the 
combination DCOO~ - D20  is necessary in order that two deuterium atoms are 
incorporated (Figure 5.8). This is exactly the same result as was obtained for 
dehydro-cinnamic acid in a previous study. In this area there may well be scope 
for using more soluble formates, as donors, as well as other kinds of donors.
Finally when microwave-enhanced hydrogenation of 5-dodecyne was investigated 
in the absence of solvent the results (Table 5.8) again showed tha t complete con­
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version to 5-dodecane was not achieved. Five different catalysts were investigated 
and of these rhodium chloride seems to be the most promising.
In conclusion we have found tha t microwave-enhanced hydrogenation of 5 model 
compounds can be achieved with varying degrees of success. Those performed on 
the Tri-Sorber with D2 gas met with most success, but the microwave-enhanced 
procedures both in the presence and absence of solvent show sufficient promise as 
to justify further investigation.
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5.5 Appendix
XH  N M R  1 -  D o d ecy n e  (CDC13) : 6 2.19 (IH, t  d, H C-, J 7.0 2.4 Hz) 1.94- 
1.93 (2H, t, -C H j-, J 2.5 Hz), 1.57-1.46 (2H, m, -C H ,-), 1.27 (14H, s, -C H 2-) , 
0.90-0.86 (3H, t, -C H Sl J 6.0 Hz)
XH  N M R  5 -  D o d ecy n e  (CDC1S) : 5 2.15 (4H, s, -C H 2- ), 1.51-1.45 (8H, m, 
-C H a-) , 1.45-1.40 (4H, m, -C H 2-) , 1.01-0.97 (6H, t, -C H 3, J 7.1 Hz)
XH  N M R  2 ,1 0  -  D o d ecad iy n e  (CDC1S) : 5 2.12 (4H, s, -C H 2-), 1.80 (6H, s, 
-C H 3), 1.78-1.69 (8H, d m, -C H 2- ,  J 10.4 Hz)
XH  N M R  3 ,9  — D o d ecad iy n e  (CDC13) : 5 2.16-2.14 (8H, m, -C H 2-) , 1.65- 
7.58 (6H, s, -C H 3), 1.18-1.14 (6H, t, -C H 3, J 7.2 Hz)
XH  N M R  5 ,7 - D o d e c a d i y n e -  1 , 1 2 -  d io l(C D C l3) : S 4.18 (2H, s, -OH), 
3.84 (4H, m, -C H 2-) , 2.30 (4H, m, -C H 2-), 1.83 (8H, m, -C H 2-)
107
C a lc u la t io n  o f % a lk y n e , a lk e n e  a n d  allcane in  p r o d u c t  o f  e x p e r im e n t  13
If at the end of the reaction the reaction mixture contained an equal amount 
of 5-dodecyne, 5-dodecene and dodecane the three peaks of interest would have 
integral values of a factor of 18, 32 and 2. The differences from these values allow 
us to calculate the actual make up of the reaction product.
a 5-Dodecyne a = 6, b = 8, c = 0
5-Dodecene a = 6, b = 8, c = 2
a Dodecane 3 = 6 , 5 = 1 6 , 0  = 0
Total a = 18, b = 32, c = 2
F ig u re  5.10: P ro to n s  c o n tr ib u tin g  to  3 g iven p eak s  in  5 -dodecyne
re d u c tio n  p ro d u c t m ix tu re
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F rom  1H n m r s p e c tru m  p e ak  in teg ra ls  
a=42.0 b=74.6 c=4.2 
A lkene is sole c o n tr ib u to r  to  c 
A lkene c o n tr ib u tio n  to  a
£ x 4.2 =  12.66
F rom  p e ak  a in teg ra l, % in p ro d u c t of alkene
^  x 100 =  30%
C o n tr ib u tio n s  to  1H n m r s p e c tru m  p e ak  in teg ra ls  fro m  a lk y  lie an d  alkane
a=29.8 b=57.8 c=0
If remainder of product (70%) is equal amounts of alkyne(35%) and alkane(35%), 
ratio of a:b should be 12:24 (1:2)
Actual ratio 29.8:57.8, (1:1.939)
So % of alkane in product (p^g x 100) x 35% =  36%
In  p ro d u c t m ix tu re
alkyne=64% allcene=30% and alkane=36%
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6.1 Introduction
Ideally in the labeling of organic compounds with deuterium or tritium  one should 
have a range of methods available so that the label could be introduced into 
different positions within the molecule. We thought we could test this hypothesis 
by taking a biocompatible polymer such as Pm 5Ml9Cm (+25%Mly) (29). In a 
previous study [1] it had been shown that T 2 gas could be added to an unsaturated 
precursor (5) and that the label was perfectly stable for extended periods of time.
(29)
Br
(30)
Based on earlier work in the thesis we thought that Raney nickel catalysed hy­
drogen isotope exchange, especially when coupled with microwave irradiation, 
could provide opportunities, both in respect of the alkane type side chain and 
the trimethylammonium headgroup. Raney nickel has been used to reduce un­
saturated carbon-carbon bonds [2], [3]. As the biocompatible polymer contains
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a triple bond, this could provide a further site where labeling may occur. As 
with previous work in this thesis it was considered prudent to start our investiga­
tions using a model compound and for this reason N-dodecyltrimethylammonium 
bromide (30) was chosen.
6 . 2  E x p e r i m e n t a l
The Raney nickel for these reactions was prepared by the method given in Sec­
tion 4.2.2. N-Dodecyltrimethylammonium bromide/bicompatible polymer (60mg/ 
120mg) was added to a pear shaped flask (25ml) followed by Raney nickel slurry 
(1.5g) in one of four deuteriated solvents (D20 , CD3OD, CDCI3, CD3COCD3). 
Finally a further 0.5ml of the deuteriated solvent that the Raney nickel catalyst 
was prepared in was added to the flask.
The reaction flask was sealed with a stopper that incorporated a septum. The 
vessel was then cooled in liquid N2 and evacuated using a hypodermic needle 
attached to a rotary pump. The flask was allowed to warm up to room temperature 
before being placed in the microwave alongside a beaker of water as a secondary 
absorbent. Heating was carried out on the 20% setting in 2 minutes pulses; the 
total heating times are given in Table 6.1.
On completion of the irradiation the flask was cooled and withdrawn from the 
oven. The reaction mixture was filtered to remove the Raney nickel catalyst and 
the latter was washed with a few mis of the solvent in which the Raney nickel was 
prepared. For reactions involving CD30D , CDC13 and CD3COCD3 the reaction 
solvent was removed in a stream of nitrogen gas. For the reactions conducted 
in D20  the reaction mixture was, after filtering, placed on a freeze drier for 16 
hours to remove the solvent. Portions of the product were taken up in CHCI3 for 
1PI nmr and CDCI3 for 2H nmr (1H decoupled) spectral analysis as described in 
Section 2.2.3.
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6.3 Results
The results of the experiments are presented 111 Table 6.1. NMR spectra from the 
reactions that gave successful labeling are given in the appendix to the chapter 
(Figures 6.1- 6.4).
Solvent Substrate Reaction 
Time (mins)
Labeling
d 2o 30 20 No
CD3OD 30 6 Yes
CD3COCD3 30 20 Yes
CDCI3 30 2 No
d 2o 29 20 No
CD3 0 D 29 6 Yes
CDC13COCD3 29 20 No
CDC13 29 2 Yes
T ab le  6.1: R esu lts  of th e  R an e y  nickel c a ta ly sed  h y d ro g en  iso to p e  
exchange of N -d o d e cy ltr im e th y la m m o n iu m  b ro m id e  (30) an d  
b io co m p a tib le  p o ly m e r (29)
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!H nmr spectrum of N-dodecyl trimethylammonium bromide (CDC13)
U
PPM
2H nmr (R  decoupled) spectrum of N-dodecyl trimethylammonium bromide after 
6 minutes microwave-enhanced exchange with CD3OD-Raney nickel (CHCy
[H nmr spectrum of N-dodecyl trimethylammonium bromide after 6 minutes 
microwave-enhanced exchange with CD3OD-Raney nickel (CD Cy
PPM
F ig u re  6 .1 : N M R  s p e c tra  of N -d o d e cy ltr im e th y la m m o n iu m  b ro m id e  
as a  re su lt o f m icrow ave-enhanced  h y d ro g en  iso to p e  exchange re a c tio n
using  C D 3O D -R an ey  nickel
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IH nmr spectrum o f N-dodecyl trimethylammonium bromide (CDC13)
2H nmr (!H decoupled) spectrumof N-dodecyl trimethylammonium bromide after 
20 minutes microwave-enhanced exchange with CD3COCD3-Raney nickel (CHCy
!H nmr spectrum of N-dodecyl trimethylammonium bromide after 20 minutes 
microwave-enhanced exchange with CD3COCE^ -Raney nickel (CD Cy
F ig u re  6.2: N M R  s p e c tra  of N -d o d e cy ltr im e th y la m m o n iu m  b ro m id e  
as a re su lt o f m icrow ave-enhanced  h y d ro g en  iso to p e  exchange re a c tio n
using  C D 3C O C D 3-R an ey  nickel
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!H nmr spectrum o f Pm3M lgCm+25%Mly (CDC13:CD30D , 1:1 v/v)
_j ,------- 1------- ,------- 1------- 1------- ,------- 1------- 1------- ,------- ,------- 1------- 1------- 1------- 1------- 1------- 1------- 1------- 1------- !------- f—10 8 6 4 2 PPM
2H nmr ( H decoupled) spectrum of Pm5Ml9Cm+25%Mly after 6 minutes 
microwave-enhanced exchange with CD3OD-Raney nickel (CHC13:CH30H , 1:1 v/v)
lH nmr spectrum of Pm5Ml9Cm+25%Mly after 6 minutes microwave-enhanced 
exchange with CD3OD-Raney nickel (CDC13:CD30D, 1:1 v/v)
F ig u re  6.3: N M R  s p e c tra  of b io co m p a tib le  p o ly m e r PnisM loC m  
(+ 2 5 % M ly ) as a  re su lt o f m icrow ave-enhanced  h y d ro g en  iso to p e  
exchange re a c tio n  using  C D aO D -R aney  nickel
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!H nmr spectrum o f Pm5Ml9Cm+25%Mly (CDCl3:CD3OD, 1:1 v/v)
2H nmr decoupled) spectrum of Pm5Ml9Cm+25%Mly after 2 minutes 
microwave-enhanced exchange with CDC^-Raney nickel (CHCl3:CH3OH, 1:1 v/v)
lR nmr spectrum of PmsMl9Cm+25%Mly after 2 minutes microwave-enhanced 
exchange with C D - R a n e y  nickel (CDQQCD^D, 1:1 v/v)
F ig u re  6.4: N M R  s p e c tra  of b io co m p a tib le  p o ly m e r P m 5M l9C m  
(+ 2 5 % M ly ) as a  re su lt o f m icrow ave-enhanced  h y d ro g en  iso to p e  
exchange re a c tio n  u sing  CDC13-R a n ey  nickel
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6.4 Discussion
N-Dodecyltrimethylammonium bromide was successfully deuteriated when Raney 
nickel-CD3OD was used (Table 6.1 and Figure 6.1) and also when CD3COCD3 
was the solvent (Table 6.1 and Figure 6.2). In the limited tim e available it was 
not possible to calculate the % deuterium incorporation, suffice to say that the 
comparison of the 1H nm r spectra before and after microwave irradiation showed 
no evidence of by-product formation. The only difference in the two deuteriations 
seems to be tha t with CD3COCD3 as solvent the deuteriation was entirely in the 
methylene groups (J 2.4) whilst with CD3OD some incorporation in the trimethy­
lammonium head group (J 3.5) was also observed.
In the case of the biocompatible polymer there are 2 prominent peaks in the 2H 
nm r (Hi decoupled) spectrum indicating that labeling of the methylene side-chain 
and the trimethylammonium head group has been achieved when using CD3OCD 
as solvent (Figure 6.3), but this result has to be treated cautiously as the 1H 
nmr spectrum after microwave irradiation shows some differences to that obtained 
before irradiation. These comments are even more true for the CDC13 case. From 
the 2H nmr (1H decoupled) it is not possible to determine whether the labeling 
at 5 1.3 is due to hydrogen isotope exchange or reduction of the unsaturated 
functionality. However as the peak at 5 1.75 (protons a to the methylene group) is 
in the 1H nmr of the product, then hydrogen exchange seems the more likely route 
for deuterium incorporation. Nevertheless these overall results are sufficient^ 
promising to warrant further investigations. It is interesting to note that CD3OD 
was also the best solvent for the Raney nickel catalysed deuteriation of the two 
indoles (Chapter 4).
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6.5 General Conclusion
The work reported in this thesis has led to important improvements in deuteriation 
procedures, which can in due course be applied to the corresponding tritiations. 
The availability of the Tri-Sorber unit means tha t much preliminary labelling work 
can be performed using H2 gas e.g. in the hydrogenation and dehalogenation 
studies and the information so obtained made available for the corresponding 
deuterium and tritium  studies. In the latter case the problem of what to do with 
excess tritium  gas is solved as it can now be re-absorbed on the uranium bed. 
Being able to follow kinetics of hydrogenation and dehalogenation reactions is 
also an im portant consequence of having the Tri-Sorber unit.
The area of solid donors, coupled with the use of microwave irradiation opens 
up new areas of investigation. Many reactions can be greatly accelerated under 
these circumstances and bearing in mind the increasing importance of combina­
torial chemistry in the organic/pharmaceutical chemistry the ability to rapidly 
deuteriate/tritiate compounds is very welcome.
The way in which the pattern of deuteriation varies with the nature of the solvent 
also provides other opportunities especially as there is increasing need to obtain 
multi-deuteriated compounds for use in the life sciences and for mass spectrometric 
studies. The recent arrival of a Prolabo 402 commercial microwave reactor will 
now allow studies to be carried out in a more reproducible manner.
Finally it looks as if methods developed in the earlier chapters could be of benefit 
to the polymer area which until recently has been very much neglected.
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6.6 Appendix
Proton Number Proton Type Chemical Shift (ppm)
1 Terminal Methyl Protons S 0.91
2 Methylene Protons S 1.31
3 Methylene Protons (a  alkyne) 5 1.7
4 Trimethylammonium Protons 8 3.3
5 Methylene Protons 5 3.72-4.30
Peak at 5 f.6 p.p.m. due to polymer bound water
T able  6 .2 : N M R  A ssig n m en ts  fo r Pm gM lsC m  (+ 2 5 % M ly )
1H  N M R  N  — D odecy l tr im e th y la m m o n iu m  b ro m id e  (CDC13) : 5 3.3 (9H, 
s, -N CH 3>), 1.75 (2H, s, -N CH 2-) , 1.30 (20H, s, -C H 2-) , 0.85 (2H, t, -C H 3, J 6.8 
Hz)
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